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SPECTROCHIMICA ACTA, VOI 


PREFACI 


rue Conference on Molecular Spectroscopy held at the Institution of Electrical Engineers, 
London, on 27th and 28th February, 1958, was the second of its kind to be organized by 
the Spectroscopic Panel of the Hydrocarbon Research Group of the Institute of Petroleum, 
the first being held in London on 28th and 29th October, 1954. It was attended by 337 
delegates of whom 60 were from overseas 

The main object of the Conference was to provide a common platform for the academic 
and industrial workers in the field of molecular spectroscopy. As in the previous conference 
the programme covered almost the whole field of molecular spectroscopy and all the papers 


presented were by invitation. Of these, five dealt with work supported wholly or in part by 


the Hydrocarbon Research Group. In addition, there was a short discussion period devoted 


to the training of spectroscopists. Concurrent with the Conference there was an exhibition 
of the latest British Spectrometric equipment and in this the following participated 
1. Sir Howard Grubb Parsons & Company Limited; 
2. Hilger & Watts Limited; 
3. Joyce, Loebl & Company Limited: 
4. Messrs. Mervyn Instruments Limited; 
Research & Industrial Instruments Limited. 


able success and thanks are due to all those responsible, particu- 
discussions, the sectional chairmen, exhibitors and 
neers. The Panel are also indebted to its Secretary, Mr. I 
yanization work and to the publishers, Pergamon Press 
sistance and co-operation 
H. PowELl 
Chairman, Spectroscopic Panel 
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OPENING REMARKS 


Dr. Barrett—Ladies and Gentlemen, on behalf of the Hydro- 
carbon Research Group, I am very glad to welcome you as delegates 
to this Conference. As you are aware from the programme, the 
papers are of mixed origin: they come from university, industry, 
government and national laboratories. They also come from many 
countries: Switzerland, the United States, Canada, Italy, Holland, 
France, the Soviet Union and Great Britain. 

The Spectroscopic Panel of our Hydrocarbon Research Group is 
to be congratulated on bringing together such excellent contributions 
to this second Conference on Molecular Spectroscopy organized by 
the Group. 

As a point of information, this Hydrocarbon Research Group is 
at present made up of five oil companies, three chemical companies, 
one national authority and one department of the Government of 
the United Kingdom. It has been active over many years in the 
financial support of university work on spectroscopy in this country 
We are very glad, as a Group, to have behind us the success of 
previous conferences of this type, and we hope that this one today 
and tomorrow will be of benefit to all those who are attending. 

We are again most fortunate in having the services of four such 
eminent people for our session chairmen. They are all well known 
to you, but I must just now hand over to Dr. Thompson who, above 
anybody else in this country, if not in the world, has given the most 
to this subject on which you are gathered to talk. 


The Chairman—! am sure, on behalf of the Spectroscopic Panel, 
the members would like me, before Dr. Barrett leaves the room, to 
say how much we appreciate all that the Hydrocarbon Research 
Groupdoes for its panels. They have in all the years been extremely 
far-seeing in their policy, and I have no doubt tonight there will be 
an opportunity for someone to say so more explicitly. 

I suppose, firstly, the members of the Spectroscopic Panel would 
certainly want me to say welcome to all the foreign visitors here. I 
am told that there are about sixty overseas guests, and we do welcome 
you and thank you very much for coming to this meeting. 

There are two changes from the printed programme: Professor 
Califano is withdrawing his paper in the third session, although | 
think he is going to contribute some results to the discussion on those 
matters. In that same session there will be a paper by Professor 
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REMARAS 


Shigorin. At this tit : iid | lo say that we are particularly 
glad to have seve of our Russian colleagues here attending the 
meeting. Professor Shigorin will speak about infra-red absorption 
studies of hydroger bonding and of metal element bonds. Then in 
session four there will be another paper by one of our Russian 
friends, Professor Sushinskii on the structural analysis of hydro- 
carbon molecules based on their Raman spectra 

We now can start our meeting this morning. | suppose most of 
you have looked at the pre-prints. If you have, | think you will see 

those of you who were here three years ago at the first meeting 
that many of the topics which we are going to talk about are the 
same as they were then. We had discussions on nuclear magnetic 
resonance and on shock-wave spectra, we talked about band 
intensities, we had a long review of instrumentation and, among 
the shock-tube spectra and the flash photolysis, we talked about the 


spectra of free radicals 

Now there are many old friends turning up again in this meeting, 
but I think that anyone who has read these scripts will see that there 
is a changing emphasis in some of these branches of the work. It is 
very pleasant to see for a start that, on the instrumentation side, 


the instrument manufacturers are aiming at cheaper instruments 
rather than more expensive ones 

Then again there are all these different kinds of approach to the 
problem of intermolecular forces studied by one method or another, 
compressed gases, adsorbed films, solvent effects in liquids and so 
on 

Thirdly, of course, there has been this remarkable development 
in the last few years in nuclear magnetic resonance studies. I suppose 
Dr. Richards, who talked here about nuclear magnetic resonance 
three years ago, would agree that at that time it was the baby of our 
subject, but at any rate, if it was, it has now become pretty well 
grown; how big it is going to be one does not yet know. 

It is very fitting that Dr. Richards, who spoke first on this three 
years ago, should start, and it is, of course, a compliment to nuclear 
magnetic resonance that we have now elevated it to the first thing 
on the programme this morning. | will ask Dr. Richards to give his 


paper 





THE PRACTICE AND APPLICATION OF 
NUCLEAR RESONANCE SPECTROSCOPY 
by 
R. E. RICHARDS 


Physical Chemistry Laboratory, Oxford 


NUCLEAR RESONANCE spectroscopy has been applied to an extra- 
ordinary variety of chemical problems in the relatively short time 
since these spectra were first observed in bulk material (1). In this 
paper, some of these applications are reviewed, and the spectro- 
scopic technique is discussed 
In the nuclear resonance experiment, radio frequency energy is 
absorbed by a sample which has been placed in a strong and uniform 
magnetic field. The absorption of radio frequency energy corre- 
sponds to the transitions of nuclei among their various permitted 
orientations in the magnetic field, each of which corresponds to a 
particular energy level. General accounts of the process are given in 
ref. (2). 
A nuclear resonance signal occurs at a frequency v given by the 
equation 
H . wH 
a ©) 
where y is the magnetogyric ratio for the nucleus, » is its nuclear mag- 
netic moment, / the nuclear spin quantum number, A is Planck’s con- 
stant and H is the magnetic field actually experienced by the nueleus. 
The magnetic field actually experienced by the nucleus, H, is not 
in general equal to the magnetic field Hy, applied by the laboratory 
magnet, which is modified slightly by the electron clouds distributed 
about the nucleus in a chemical compound. When the laboratory 
field H, is applied to the chemical substance, the motion of the 
electrons is distorted and weak magnetic moments are induced in them 
which usually oppose the applied field. The moments are induced 
by the applied field and are proportional to it, and we may write 


H Hi a) (2) 


where o represents the factor by which H, is modified by the in- 
duced electronic moments. This effect has been termed the “mag- 
netic shielding” of the nucleus by the electrons, and gives rise to the 
so-called “chemical shifts” of the nuclear resonance frequency 


) 
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(Eqs. (1) and (2)) of a particular nucleus in different chemical com- 
pounds in which the electron distribution about the nucleus varies 
from substance to substance. 

The value of o varies from a few parts per million for protons to 
14 per cent for cobalt compounds. In order to be able to measure the 
chemical shifts accurately, it is desirable that the line widths of the 
nuclear resonance spectra should be smaller than the shifts, and it is 
clear that chemical shifts of protons can be observed only under 
circumstances where the lines are extremely sharp. 

In solids, the nuclear resonance lines are broadened by dipole- 
dipole (3) and by electric quadrupole interactions (4) and the widths 
are often greater than the range of values of o which occur in differ- 
ent compounds. It is only in very favourable cases, therefore, that 
chemical shifts can be observed in solids. In liquids, solutions and 
gases, the vigorous molecular motion averages these interactions to 
zero; much sharper lines are observed and chemical shifts are 
readily measured. 

There are many qualitative applications of these chemical shifts 
which are of great value in solving chemical problems, and the scope 
of these can best be described with a few typical examples. 

The proton resonance spectrum of a liquid organic compound 
often contains several lines at different frequencies, each of which can 
be attributed to the protons in a particular organic functional group. 
The relative intensities of the lines depends only on the relative 
numbers of nuclei responsible for them, so that, for example, the 
spectrum of ethyl alcohol gives 3 main lines with intensities in the 
ratio 3:2:1 corresponding to the protons in the methyl, methylene 
and hydroxyl groups respectively. A correlation table can be drawn 
up to relate the frequency of a nuclear resonance line to a character- 
istic functional group (5), and the results have obvious value for the 
structural diagnosis of compounds of unknown structure. 

The structure of diketene was shown by BADER et a/. (6) to be 
I and not II because 


CH2.=C—CHg CH;—C=CH 


O—CO O—CO 


it gave two proton resonance lines of equal intensity. Structure II 
would have given two lines, due to the methyl and CH groups of 
intensities 3:1. GRIPENBERG (7) showed that thujic ester was III and 
not IV because it gave three lines of intensities 5:3:6, whereas 1V 
would have given four lines with intensities 3(CH-~), 2(CH), 


3(COOCH,) and 6(C(CH,),). 





NUCLEAR RESONANCE SPECTROSCOPY 
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Chemical shifts can also be used to study chemical equilibria in 
solution. Thus Gutowsky and Saika have measured the degree of 
ionization in concentrated solutions of the strong acids nitric, 
sulphuric and perchloric (8). The variation of the position of the 
thallium resonance in aqueous solutions of thallium salts can be 
correlated with ion pair formation in strong solutions, and in the 
case of thallous hydroxide an equilibrium constant for the process 


Tl’ + OH-~ = (TI'OH-) 


can be derived in good agreement with the value obtained by spectro- 
photometric methods (9). 

The proton resonance spectrum of a non-interacting mixture is a 
simple superposition of the spectra of the components with inten- 
sities depending on the quantities of each component present. Lines 
characteristic of a particular component may therefore be used to 
analyse the mixture qualitatively and quantitatively for this com- 
ponent. 

This method of analysis can be very useful in the study of chemical 
equilibria. For example, BHAR (10) has studied the equilibrium be- 
tween the keto and enol forms of acetyl acetone. CONNICK and POUL- 
SON (11) have found that in aqueous solutions containing sodium 
fluoride and aluminium nitrate, separate fluorine resonances can be 
distinguished from the ions AIF?* and AIF. Detailed measurements 
of the relative intensities of these resonances in different mixtures 
allow stability constants for these ions to be evaluated which are in 
good agreement with those obtained by other methods. 


CORRELATION OF MAGNETIC SHIELDING WITH 
MOLECULAR STRUCTURE 


A general theory of magnetic shielding has been given by RAMSEY 
(12), from which in principle the value of o for any compound can 





8 R. E. RICHARDS 


be calculated. Unfortunately, this theory cannot*be applied a priori 
to many practical cases because it requires a detailed knowledge of 
the wave functions of the molecule in ground and in excited states. 

The theory does, however, allow certain approximate discussions 
to be made of the relationship between o and electron distribution. 
It can be seen from Ramsey’s theory that the shielding field for a 
given nucleus is mainly contributed by electrons closely associated 
with it and that the shielding increases with the effective atomic 
number of the atom concerned. SAIKA and SLICHTER (13) have dis- 
cussed chemical shifts of fluorine nuclei by considering the shielding 
as made up of three terms. The diamagnetic correction for the atom 
is the first term, and is given by the Lamb expression, and arises 
mainly from the closed shell electrons which are not involved in 
chemical binding; it does not vary very much from one compound 
to another. The second is a paramagnetic term which arises from 
the distortion of the orbital motion of valence electrons by the ap- 
plied magnetic field. The third term is a contribution from electrons 
on other atoms in the molecule. 

he first term is readily calculated and the second term has been 
estimated by approximate methods for fluorine compounds (13). 
In the one case of cobalt resonances in cobaltic complexes, FREEMAN, 
MURRAY and RICHARDS (14) have been able to separate terms (1) 
and (2) experimentally by taking advantage of a very slight tempera- 
ture dependence of term (2); this is a method which may be 
applicable to compounds of other heavy atoms. 

SAIKA and SLICHTER (13) point out that in the fluoride ion, where 
there are no valence electrons, term (2) is a minimum and the 
fluorine atom will be most shielded, whereas in the fluorine molecule 
term (2) will be a maximum and the fluorine atoms least shielded. It 
does often seem to be found (15) that increasing ionic character in a 
bond decreases the contribution of the second term due to the valence 
electrons and increases the shielding 

rhe third term considered by SAIKA and SLICHTER (13), which is 
the shielding effect produced at a nucleus by relatively distant 
electrons in the molecule, is much smaller than terms (1) and (2) 
for most atoms. In the special case of proton resonances, however, 
this is often not so. The very low electron density around protons in 
chemical substances means that the magnetic shielding is very small 
and so therefore are the chemical shifts. The contribution to the 
shielding of protons of relatively distant electron clouds can, there- 
fore, often be of comparable importance to the effects of the electrons 
localized on the proton; this is probably why chemical shifts in 
proton resonances are often very sensitive to the detailed geometry 
of the molecule (16). In the case of condensed aromatic compounds 
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these long range effects are completely dominant (17); in other 
molecules their importance is indicated by the lack of simple rela- 
tionships between chemical shifts and ionic character and other 
simple properties. A very clear discussion of these effects has been 
given by MCCONNELL (18). 


Spin-Spin Interaction 

In chemical compounds it is often observed that the nuclear spins 
are weakly coupled by a so-called spin-spin interaction which, unlike 
the direct dipole interaction, is not removed by random reorienta- 
tion of the molecule. This spin coupling is independent of the applied 
magnetic field, and arises from a distortion of the spin and orbital 
motion of the electrons in a chemical bond by the magnetic moment 
of one nucleus, and this distortion modifies the effective magnetic 
fields experienced by other nuclei in the molecule. The coupling ts 
rapidly attenuated as the number of chemical bonds transmitting it 
increases. 

The effect transmitted by the binding electrons varies with the mo- 
mentary orientation of the original nucleus, and the result is that the 
nuclear resonance of one nucleus is split into a multiplet, each com- 
ponent of which corresponds to one of the allowed orientations or 
energy levels of its neighbour. Thus in the molecule HD, the deu- 
terium resonance is a doublet, the two components corresponding to 
the two orientations permitted for its neighbour, the proton (for 
which J = } and (2/7 + 1) = 2). The proton resonance in HD is a 
triplet, of which each component corresponds to one of the 3 allowed 
orientations of the deuteron, for which / = |. The proton resonance 
spectrum of diethylether consists of a triplet and a quartet, due 
respectively to the protons in the methyl and methylene groups. 
The methyl group protons are coupled to the protons of the methyl- 
ene group each of which can have spins of +4 or —}. There are 
three arrangements of these 


and so the methyl group resonance is a triplet of intensities in the 
ratio 1:2:1. The methylene group protons are coupled to the three 
protons of the methyl group which can be arranged 
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and so the methylene proton resonance is a quartet with intensities 
in the ratio of 1 : 3 : 3: 1. Thus not only can the nature of func- 
tional groupings be identified from their chemical shifts, but infor- 
mation about their disposition can often be obtained from a study 
of the multiplet structure of the resonances. 

If the spin-spin coupling is comparable with the chemical shift 
between two groups, the simple principles outlined above do not 
apply (19). The spectrum is often very complicated and an analysis 
to determine the value of the chemical shifts and spin-spin coupling 
constants can be a formidable task. Nevertheless, a considerable 
number of compounds have already been analysed and values of 
spin-spin coupling constants determined. 

The relation of the coupling constants to molecular structure has 
been discussed theoretically by MCCONNELL (20). Coupling con- 
stants between protons can be interpreted and approximate values 
of inter-proton bond orders can be obtained. For other atoms, 
however, the problem is very complicated because there are then 
significant contributions from both electron spin and electron 
orbital interactions with the nuclei. 

There seems to be considerable hope that useful correlations may 
be obtained between molecular structure and coupling constants 
from experimental determination of these parameters in related 
series of molecules. For example measurements on compounds of 
formula CH,—CH,—xX (21) indicate that the proton—proton 
coupling constant always remains approximately the same irrespec- 
tive of the nature of X. In a series of para-disubstituted benzenes (22) 
the coupling constant between ortho protons is always about 8 c/s, 
and varies only slightly with the nature of the substituents. If general- 
izations of this kind can be shown to be valid for a range of molecular 
configurations, then this will be of great help in interpreting the 
spectra of substances of unknown structure. 

For some heavy nuclei the spin-spin coupling constants can be 
very large, and in the case of some thallium compounds the effect 
iS greater even than the direct magnetic dipolar interaction so that 
it can be observed in the crystalline as well as the liquid state. 
Measurements of this kind have been discussed theoretically by 
BLOEMBERGEN (23) and experimental studies of the variation of 
covalent character in thallous halides have been made by FREEMAN, 
GASSER and RICHARDS (24). 


EXPERIMENTAL METHODS 


There are two essential compounds in a nuclear resonance 
spectrometer, (a) the magnet and (b) the radio frequency equip- 
ment 
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(a) The Magnet 

The signal to noise ratio and the separation of two chemically 
shifted lines both increase with increasing field strength, so it is 
desirable to work in high magnetic fields. Fields in the range 4000 G 
upwards are suitable. 

If some of the molecules of the sample experience a different 
applied magnetic field from others, they will absorb radiation of 
slightly different frequency (Eq. (1)) and the line will be broadened 
by an amount depending on the inhomogeneity of the magnet. The 
magnetic field over the volume of the sample must therefore be 
more homogeneous than the width of the line to be measured. For 
the same reason, the magnetic field must be stable during a measure- 
ment to a degree better than the line width. 

The magnetic field can be generated with either an electro- or a 
permanent magnet. Electromagnets for nuclear resonance have been 
used at fields as high as 15,000 G, but it has not so far been practi- 
cable to use permanent magnets at fields above 10,000 G. 

Proton resonance lines in liquids are often as small as 10-4 G 
wide; so that in an applied magnetic field of 10* G this represents 
1 in 10°. To resolve such a line it is therefore necessary to produce 
a magnetic field stable and homogeneous to this degree. 

The homogeneity can be achieved by careful attention to the 
dimensions and geometry of the gap of the magnet, to the material 
of the magnet pole faces, and by the use of correcting shims which 
may be mechanical or electrical. The use of stirring or spinning of 
the sample (25) gives further improvement in the effective field 
homogeneity over the sample. All these precautions taken together 
permit homogeneities of 1 in 10° to be obtained, and the problem 
is roughly equally difficult for electro and permanent magnets. 

On the other hand, the most homogeneous region of an electro- 
magnet is not stable in time or in position, and must be regained 
from time to time by careful “‘cycling” of the magnetic field accord- 
ing to a predetermined procedure. A permanent magnet can provide 
a field of homogeneity | in 10* at a given point in the gap which 
remains unchanged over long periods. In a high resolution spectro- 
meter built in the author’s laboratory, the probe position is never 
changed, and the only day to day adjustments necessary are slight 
changes in the current through one of a number of electrical 
correcting coils on the magnet pole face. 

Stability of 1 in 10° is very readily achieved with a permanent 
magnet by designing it to have the lowest possible stray field and 
by enclosing it in a constant temperature enclosure. In conditions 
of very severe external magnetic interference a flux stabilizer may be 
desirable (26), but for most laboratory conditions this complication 





RICHARDS 


¢ magnet gap is well shielded. No 
magnet is required 
achieved with an electromagnet by 


Nc power supplies combined wit 


tf electro- and permanent magnets therefore 


Electromagnets can produce the highest fields 


elaborate power supplies and regulating equipment 

» expensive to bu ind to maintain. Furthermore 
nt of time each day required to maintain the 
Permanent magnets produce limited fields, but are 


use, and require negligible maintenance 


Radio Frequency Equipment 

radio frequency part of the spectrometer is relatively simple 
ous alternative systems which may be used to detect 
all of them have the same inherent sensitivity. The 
he so-called “bridge” method (la) although 
“crossed coil” (1b) system is that it 
in the detector probe whereas the latter 
An elegant way of using an oscillating detector 

ntly by Pounp (29) 


‘ —{ Recorder| 
oo @ L | 


———— 
Correcting 


Coils _J 





NUCLEAR RESONANCE SPECTROSCOPY 


i) 
o 
= 
2 
> 
3) 
=> 
4 
7 
2 
Cc 
y, 
~ 
c 
Zz 
= 
y 
= 
—_’ 
-) 
iS) 
= 
c 


Ethyl alcohol, 


+ 


ig 








joyoore |Ay) ] f aI | 


= ae Wurm, 
\/ " ! ‘T 
} j 


"2 
~ 
i 4 
< 
© 
ax 


R. 





NUCLEAR RESONANCE SPECTROSCOPY 15 


Rather sophisticated radio frequency equipment has been des- 
cribed by ARNOLD (30) and by Primas and GUNTHARD (31). The 
simplest possible arrangement has a theoretical signal to noise 
smaller by a factor of about 1/2, but for many purposes this is a 
small sacrifice to make to obtain great simplicity and reliability. 

Figure | shows a block diagram of a very simple spectrometer 
which has been built in the author’s laboratory. A permanent 
magnet of strength about 7000 G was built by Mullard Limited. It 
is mounted in a constant temperature enclosure with access to the 
gap from the top of the magnet box. 

Ihe homogeneity of the magnetic field can be finally trimmed 
with the aid of printed-circuit correcting coils designed by M. Golay. 

The radio frequency system is extremely simple as shown in 
Fig. 1; the radio frequency oscillator and amplifier can be switched 
to different frequencies for proton or fluorine resonances. A single- 
coil probe is used which accepts cylindrical sample tubes of about 
4-4:5 mm o.d. and these may be spun during a measurement to 
help in reducing the line width (25). 

The equipment is normally left permanently running and the 
total power consumption is less than 1 kW. To obtain a spectrum 
at any time it is only necessary to insert the sample, set the magnetic 
field sweep to an appropriate value, and switch on the recorder. 
The resolving power remains from day to day at the same spot in 
the magnetic field close to 1 in 10°. For the very best results it is 
necessary to make slight adjustments to the field trimming coils, 
but this requires only a few minutes. Figure 2 shows records of the 
proton resonance spectrum of ethyl alcohol taken more than 24 hr 
after any adjustments have been made to the apparatus. 

The only drawbacks of a simple spectrometer of this kind are 
(a) only one value of magnetic field is available, (b) this is of limited 
magnitude, and (c) the theoretical signal to noise is slightly less 
than can be obtained with a much more sophisticated radio frequency 
system (31). 
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A NEW METHOD FOR ANALYSING SPECTRA 
IN HIGH RESOLUTION N.M.R. SPECTROSCOPY 
by 


H. PRIMAS 
Organic Chemistry Laboratory, Swiss Federal Institute of Technology 


INTRODUCTION 


THE PROBLEM of interpretation of high resolution n.m.r. spectra is of 
increasing importance. On the one hand the resolution of modern 
n.m.r. spectrographs is so high that the so-called “higher order spin- 
spin couplings” are to be considered carefully and on the other side 
the investigation of relatively complicated molecules is of consider- 
able interest. There are, of course, some well-known methods for 
analysing n.m.r. spectra. First we have the classical method for cal- 
culating the resonance frequencies and intensities by diagonalizing 
the interaction Hamiltonian, which was successfully applied to many 
simple molecules (1), but which becomes very cumbersome with 
somewhat more complicated molecules. Secondly the moment 
method of VAN VLECK (2) was applied by ANDERSON and MCCONNELL 
(3) to the analysis of spin-spin multiplets in high resolution; n.m.r. 
spectra. But the trouble with this method is the natural and appara- 
tive line width which gives an essential and often not exactly known 
correction which was overlooked by these authors. The experi- 
mentally observed second moment is for example given by 


M, S,+ ZX pol j, k) (1) 
<k 


J 


where S, is the second moment in the theory of McConnell and 
Anderson and ,,(/, k) the second moment of the shape function of 
the single line of the transition > (natural and apparative line 
width). 

In the course of investigating the mathematical structure of the 
spin-spin coupling we have found that it is possible to calculate 
nmr spectra directly without the need of solving the eigenvalue 
problem of the Hamiltonian. This is possible with a closed analytical 
expression which we call the correlation function of the spectrum 
All known methods for analysing n.m.r. spectra can be deduced from 
this correlation function, but moreover there are new possibilities 
for an exact or approximate analysis. We have some hope that with 
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this method we can set up several simple rules which would allow an 
interpretation even of rather complicated spectra. 

Because of the restrictions in space we cannot give any proofs. 
For proofs, more exact and detailed statements and examples com- 
pare forthcoming papers in Helvetica Physica Acta. 


IDEALIZED SPECTRUM AND CORRELATION FUNCTION 

In the analysis of high-resolution n.m.r. spectra we restrict our- 

selves as usual to the calculation of the resonance frequencies w,, 
and the intensities A,,* 

(2) 

| (P,P | PY) |? (3) 

P Lyd. or Lyliy (4) 

which are connected with the transition }>k between the energy 

levels A; and A,. P is the operator of the magnetic dipole moment 

(yx gyromagnetic ratio, I, spin operator of the Ath nucleus). 


In the usual method the eigenvalues A; and the eigenfunctions Y¥; 
are found from the eigenvalue problem of the Hamiltonian H 


H¥, AVY; (5) 
with the Hamiltonian e.g. given by 


H = TQA,, + 2 Jnl, (6) 
<k 


J J 


with the Zeeman frequencies {2; (chemical shift) and the J-coupling 
constants J;,. 

We found it convenient to gather the intensities A;, and the reso- 
nance frequencies w,;, into an idealized spectrum Q(w), 


O(w) = 2A;,8(w Wp) (7) 


where the line width of the individual lines are infinitely small, so 
that the shape functions are delta functions. The fourier transform of 


O(w) 


x 


K(t) [weld 2 E Aig COS wal (8) 
j<k 


x 


has all properties of a correlation function and we call thus K(f) the 
correlation function of the spectrum. Any information about the 
resonance frequencies w,, and the intensities A;, can be deduced in a 


* Here we have neglected the influence of the statistical Boltzmann factor. 
We could easily include this Boltzmann factor, but its neglection is a very good 
approximation in the usual n.m.r.-experiments. 
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simple way from the correlation function K(t). It can be shown that 

the following relation is valid: 

K(t) 2X Aj, COS wyt trace {exp (—iHt) P exp (iHt)P} (9) 
j<k 

For n.m.r. experiments with an isotropic substance the following 

more general relation is valid: 


A(t) =2 2A, exp (i | wo, | 1 
<k 4 trace {exp (—iHt)P~ exp (iHt)P*} (10) 


P3 LyA.2 + il,y) 
k 


Because of the invariance of the trace this expression can be evaluated 
in any basis, but usually it is advantageous to make full use of this 
invariance property. This can be done by studying the Lie-algebra, 
generated by the spin operators of the Hamiltonian. 


A GENERAL RULE FOR SIMPLIFYING THE 
HAMILTONIAN 


If the Hamiltonian can be split in two commutative parts H, and 
H, and if H, is commutative with the dipole operator P 


H = H,+ H., [H;, Ho) = 0, [He P] = 0 (11) 


then it can immediately be deduced from the expression Eq. (9) for 
the correlation function that the Hamiltonians H and H, have 
exactly the same spectrum. The simplest examples for this theorem 
are the well-known facts that the n.m.r. spectrum of a molecule with 
only equivalent magnetic nuclei shows only a single line and that in a 
molecule, in which all J42 between two sets A and B are equal (e.g. 
by internal rotation), the coupling constants within the group A or 
B (J44 and J%8) has no influence upon the structure of the spectrum. 


AN EXPLICIT EXPRESSION FOR THE INTENSITIES IN 
FUNCTION OF THE RESONANCE FREQUENCIES 
If an n.m.r. spectrum consists of N single lines at the frequencies 
W;, Wa, ..., wy, then the intensities A,, A, ... An of these 
lines are given by 


"om, ji N-—m-1 


N 
Il (w,; w)) 
I 


k 
kj 


where So, S; Sy_, are the first VN — 1 moments of the shape 
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functions and o,,,; stands for the Ath elementary symmetric func- 
tion of the frequencies w,, w.,. . ., ww with the exception of w,. 


a 


\ 
Ilw,, } 


m1 


” 


This relation can be useful for the discussion of the dependence of 
the intensities on the chemical shift and the J-coupling constants. 


APPROXIMATE EVALUATION OF THE CORRELATION 
FUNCTION 


Because of the complexity of most coupling schemes except the 
simplest, it is clear that approximations must be employed. For this 
purpose we have several possibilities. 


Moment Method of Waller and van Vleck 

The correlation functions A(t) (Eq. 9) and .#(t) (Eq. 10) are the 
generating functions of the moment method of WALLER and VAN 
VLECK (2). But expansion of A(t) or 4 (1) in powers of f we get all 
possible moment relations. The application of the moment method 
for analysing nmr spectra is well known (2, 3), but because of the 
correction of Eq. (1) one should be very careful 


Peturbative Expansion of the Correlation Function 

lf the Hamiltonian can be split into a main part H, (e.g. the Zee- 
man operator) and a perturbative part e«//, (e.g. the spin-spin 
coupling), 


H 


the correlation function can al expanded powers of e. If the 


mcitie 1, > aynand 1 
intensities Only are expanded O we get the follow: 


’ 


expression for the corre 
K(t) K ft) eK,(1) eK At) 
it can be shown that the following relations are valid 


A ' trace {PP 
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(P[P, A,]} 


trace ‘P(P[B,,, B,,] + [A,, 


 (1/vv,,) trace {P({P, B,], B,,)} + trace {[P, B,]-[P, B,J} (17) 


exp {—WH, + W)t}X exp {i(H, + W)t} (X P, B,) (18) 


The operator W commutes with H, and is to the second order given 
by 
lo 
= X(1/v,) (A,, B,) (19) 
~~ 


The operators C, A,, B, and the frequencies v, follow easily from 
the expansion 


exp (/H ot) H, exp (—iH,f) ’-+ ZA, cos v,t + XB, sin v,f 
(20) 


for n+~m,v, >0 


This perturbation method is equivalent to the usual perturbation 
method for diagonalizing the Hamiltonian, but in general it involves 
less work to evaluate the expressions for the approximate correlation 
function. From the results given follows that in higher order of the 
perturbation expansion spin-spin coupling terms of the form 


: I,) , (I, ‘I,) and so on 


are generated. The basic Hamiltonian (Eq. 6) with spin-spin coupling 
of the form (I, -I,) is the result of a second-order calculation (4), 
in higher order the occurrence of terms of the type of Eq. (21) are to 
be expected. We should like to emphasize that in a sufficient exact 
analysis the terms of the above type should be included not only in 
the perturbative expansion of the correlation function but probably 
also in the basic Hamiltonian. 
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Other Possible Approximations 

There are several other possibilities for approximations which are 
not based on a perturbative expansion. For example it is possible to 
split the coupling scheme of the spin-spin coupling S = LJ;,1,I, in 
several simpler coupling schemes. This means that the operator S is 
written as a sum of non-commuting operators A, B,C, . . 


S=A+B+C4 


From operator algebra there are some expansions of exp (i[A + 
B + .. .Jt) known (5) which can be useful for new methods for 
analysing n.m.r. spectra. 


Nonperturbative Cluster Expansion 

The Ramsey—Gutowsky—Hamiltonian (6) contains only two- 
particle interactions, three-body and higher interactions are neglected. 
In spite of this the exponential of this Hamiltonian contains also 
many-body interactions, e.g. 


eiftt La{t)l,, j Lb,(t)1 ] > Ley tli TL ko 


iv’ je 
(v, pu, o X, Y, Z) 


The term “cluster expansion” means that we neglect the higher order 
many-particle interactions. The mathematical formalism for this 
cluster expansion is somewhat similar to the famous work of Brueck- 
ner and Watson in the theory of atomic nucleus. This expansion 
always breaks off after a finite number of terms (e.g. in a three- 
proton system there is of course no four-particle interaction, etc.) 
Therefore the cluster expansion gives for simple molecules exact 
results and is a very good approximation for complicated molecules. 
Because the cluster expansion is nonperturbative the degree of 
approximation is independent of the magnitude of the magnetic 
field. There is an excellent correlation to the graph of the J-coupling 
(i.e. to the topology of the molecule) and it seems that the cluster 
expansion will be the most promising method for analysing n.m.r. 
spectra of very complicated molecules. 
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NUCLEAR MAGNETIC RESONANCE IN 
PETROLEUM ANALYTICAL RESEARCH 
by 
RoLLie B. WILLIAMS 


Technical and Research Divisions 
Humble Oil and Refining Company, Baytown, Texas 


SUMMARY 


Discussions are presented of the analytical process using high resolution nuclear 
magnetic resonance spectrometry, and of the use of spectra to elucidate molecular 
structure. Examples are given of the application of the nuclear magnetic resonance 
technique to simple multicomponent determinations, complex hydrocarbon type 


characterizations, and total hydrogen determinations 


INTRODUCTION 
NUCLEAR MAGNETIC resonance, or n.m.r. as it is commonly abbre- 
viated, has been an exciting new development in spectroscopy since 
its conception in 1945 until the present. The scope and versatility of 


this technique are too extensive to enumerate with adequacy in just a 
few paragraphs. Fortunately, many excellent reviews are available 
(1-4). The importance of n.m.r. to petroleum research lies mainly in 
its analytical potentialities, and this is the subject of the present 
discussion. The high resolution spectrometer far surpasses in utility 
the broad line spectrometer in this field, although there are some 
analyses, such as elemental determinations, which may be performed 
with the latter. The present discussion for the most part will thus be 
confined to high resolution spectrometry, and will be further 
restricted to the measurement of proton resonances in liquid samples. 

[he aim of this presentation is to outline the analytical process and 
to illustrate by means of a few appropritae examples some of the 
ways in which n.m.r. has been used in petroleum analytical research. 
Examples selected for discussion deal with spectral features which 
aid in the proof of molecular structure of essentially pure compounds ; 
quantitative multicomponent determinations in simple, nearly ideal 
mixtures; the more difficult problem of characterization of hydro- 
carbon types in complex petroleum fractions; and methods for the 
determination of total hydrogen content. All measurements re- 
ported here were obtained with a Varian Associates high resolution 
spectrometer, a prototype of the Model V-4300 Series, operated at a 


r 


frequency of 30 Mc/s and in a conventional manner. 
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THE ANALYTICAL PROCESS 


The analytical process may be broken down into four main 
divisions: 

(A) Provision of adequate resolution to separate the various ab- 
sorption bands. This is mostly an instrumental problem, but includes 
also the establishment of a proper environment for the sample, 
namely, insuring that it is a free-flowing liquid with no appreciable 
concentration of paramagnetic impurity. Both considerations have 
been much discussed in the literature. In these laboratories, CS, is 
the preferred solvent for viscous or solid samples, especially hydro- 
carbons. The general practice is to dilute all petroleum fractions 
which are above the gasoline range. 

(B) Identification of the absorption bands with particular structural 
groups in the molecule. This points up the importance and necessity 
of compiling a catalogue of pure compound spectra to furnish a 
backlog of data for spectral generalizations and for tabulation of 
charts showing characteristic band locations of the various groups. 
The first extensive work along these lines was carried out by MEYER, 
et al. (5). However, because of steady improvements in resolution, 
acquisition of spectra from a greater number of compounds, and 
better understanding of bulk diamagnetic corrections and solvent 
effects (6), such work needs periodic revision. An undertaking of 
this kind has recently been completed by N. F. Chamberlain of 
these laboratories, making use of spectra from nearly 400 pure 
compounds. This will be published. 

(C) Measurement of the intensities of the absorption bands for 
quantitative determinations. This is partly an instrumental problem 
and partly an operational one. Present theory shows that when the 
spectrometer performs ideally, and measurements are made in a 
prescribed manner, the area under an absorption band is accurately 
proportional to the number of hydrogens (or other resonating 
nuclei) contributing to the absorption. The power of this simple 
relation should not be underestimated, for it means that relative 
concentrations of hydrogen types are determined simply from 
measurements of relative areas. If relative concentrations are the 
only desired information, intensity calibrations of different bands are 
not required as in most other branches of spectroscopy. When 
absolute concentrations are required, then the areas must be 
compared with the total area from a standard of known hydrogen 
content, but even in this case any of a number of handy liquids of 
known hydrogen content may be used as the standard. 

To make accurate absorption measurements one must overcome 
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problems of magnetic field stability, radio frequency power satura- 
tion, non-linearities in the receiver and recorder, and several other 
factors of probably less importance. A discussion of these problems 
from the standpoint of the specialized requirements of quantitative 
determinations has been given (7). The areas under the absorption 
bands may be determined by any of the well known methods. One 
of the most labour-saving methods is the use of an electronic 
integrator, and for this purpose it is convenient to employ a con- 
ventional analogue computing amplifier, now available from com- 
mercial sources at low cost. Fig. 1 shows a typical integrated spec- 
trum using such a device. However, when there are large interferences 


' ' \ 
a a 








(b) 


Fig. |. N.M.R. spectra, showing performance of integrator. 
(a) Toluene spectra, not integrated. (b) Toluene spectra integrated. 


between absorption bands to be corrected, it is usually easier to 
correct for the overlap with band shape curves, a technique familiar 
in infra-red spectroscopy, and then apply one of the manual methods 
of integration to the corrected bands. The most often used integra- 
tion procedure in these laboratories is that of summing equally 
spaced ordinates between the absorption bands and the extended 
base line. 

(D) Combination of information from the identifications and the 
intensity measurements in a calculation scheme to achieve the required 
analysis. The complexity of this scheme may vary greatly. For 
structural assignments in pure compounds (or simple mixtures) one 
may require nothing more elaborate than a visual inspection of the 
spectrum to arrive at a conclusion. Roughly 50 per cent of all such 
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problems can be handled in this manner, which would not be possible 
were it not for the basic simplicity of n.m.r. spectra. At the other ex- 
treme, in the type characterization of complex mixtures, one may 
require other analytical data, such as elemental analyses and 
molecular weight, and may be obliged to make various assumptions 
as well (which one hopes are always reasonable and may at least 
be approximately justified) in order to arrive at a useful result. 


PROOF OF MOLECULAR STRUCTURE THROUGH 
N.M.R. SPECTRA 


The two weapons useful in carrying out structural assignments are 
the accurate knowledge of the functional group locations, taking into 
account the effects of neighbouring groups, and of the rules which 
govern multiplet splittings. To achieve the former one cannot over 
emphasize the importance of a catalogue of carefully prepared 
spectra. Two examples of spectra obtained in these laboratories, 
prepared according to the format of Mr. Chamberlain, are shown in 
Figs. 2 and 3. The positions of the bands are located relative to an 
internal standard. Although internal standards may produce solvent 
shifts (6), this method of band location is still the preferred one in 


these laboratories. Such effects are always studied carefully, using a 
variety of solvents, and any unusual observation is noted on the 
spectrogram. Although solvent shifts are annoying, there occasionally 
is some virtue. As shown in the lower spectrum of Fig. 3, one band 
can be completely shifted from two others, allowing an accurate 
band assignment. Such tricks can sometimes be used also in ana- 
lytical determinations. 


The importance of multiplet splittings may be demonstrated by 
reference to Fig. 4. Although the chemical shifts of the three alcohols 
are not greatly different, the alkyl portions of the molecules are 
readily identified. Fortunately, theoretical development necessary 
for an understanding of more complex spectra is in good shape as a 
result of a number of recent very excellent papers (8-13) 

There should be no misconception that one should always be able 
to infer the structure of a molecule with no more information than 
the n.m.r. spectrogram. It is true that unequivocal assignments of 
structure can sometimes be made from the spectrum alone, but 
ordinarily the procedure is to confirm or reject various proposed 
structures put forth by the organic chemist. One may generally 
suppose that the organic chemist has a good idea as to the most likely 
structure of a newly synthesized compound, and to other alternate 
possibilities. He will, in addition, most likely use other analytical 
tools available to him, such as physical property measurements and 
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infra-red spectra, and from these he will know many of the structural 
features. N.M.R. attempts to fill in the gaps. For example, given the 
structural formula, n.m r. can often determine the structural isomer. 
Thus the objectives and method of procedure are essentially no 
different from other branches of molecular spectroscopy. A n.m.r 
spectrum is usually easy to obtain and to interpret, important ad- 
vantages when there is a heavy work load. A structural identification 
can often be completed in 15 min in ideal situations. Eye inspection is 
usually sufficient to decide whether the relative areas of the absorp- 
tion bands are either in or out of harmony with the proposed structure 
under consideration. 


QUANTITATIVE MULTICOMPONENT ANALYSES 
IN SIMPLE MIXTURES 


Because of the usually small variability in band location of a given 
functional group, almost independent of the other parts of the 
molecule, n.m.r. is much more useful for functional group determina- 
tions than for individual molecular component analyses. The excep- 
tion is with simple mixtures when most of the absorption bands 
happen to be well resolved. Presented in this section is a nearly ideal 
analytical situation of a three component system consisting of water, 
acetone, and tertiary butyl alcohol. The sample is a solvent used in 
one step in the manufacture of butadiene. This analysis, which has 
been used routinely, was developed in collaboration with R. K. 
Saunders of these laboratories. 

Samples are contained in cylindrical glass tubes of about 2 mm i.d., 
and are spun in the magnetic field for the attainment of highest 
resolution. Spectra are obtained by scanning the magnetic field 
linearly with time by means of a modulation sweep unit provided 
with the spectrometer, and are recorded on a fast response galvano- 
meter-type strip chart recorder (Sanborn). Conventional tests are 
made for linearity of peak heights, and the r.f. power is maintained 
low enough to avoid power saturation of the spectral bands. Each 
absorption band is recorded at about three-quarters full scale 
recorder deflection for ease and accuracy of measurement, with the 
calibrated attenuator settings of the recorder amplifier being varied 
as required to obtain such deflections. 

There are four types of hydrogen present in the sample under 
consideration. These are in water hydroxyl, alcohol hydroxyl, acetone 
methyl groups, and tertiary butyl alcohol methyl groups. In none of 
these types is there multiplet fine structure splitting of the absorption 
bands, and therefore the widths of the bands, being determined 
primarily by the available homogeneity of the magnet, are almost the 
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same. Because of this the absorptions of all bands may be determined 
by simple peak height measurements rather than the more difficult 
rea measurements necessary with most other samples. Since peak 
measurements are several times more precise than area 
ements, n.m.r. should be a very accurate method for this 
particular analysis. Fig. 5 shows a typical spectrum at two attenuator 
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by ARNOLD (11). When the rate of proton exchange is 


q 


ite, one or both bands may be broadened, depending upon 


ve concentrations of the two hydroxyl types. This latter 


with some ol 


the plant samples of aqueous acetone solvent 
iry butyl alocho! as an impurity), and seems to 


the pH of the solution. In order to place the 





NUCLEAR MAGNETIC RESONANCE IN PETROLEUM RESEARCH 33 


Rapid Proton 
Exchange 


ee ——E lianas 





Intermediate 
Proton 
Exchange 


> 
bam 
= 
© 
< 
© 
= 
W 
< 
re 
e 
CO 
= 


/ \He0 Slow Proton 


Alcohol - oH /\ 
/\ / Exchange 


ne ».. 


INCREASING MAGNETIC FIELD —> 





Fig. 6. Effect of proton exchange on hydroxyl absorption bands 


analytical scheme on a consistent basis and to make area measure- 
ments unnecessary, it was found convenient to increase the rate of 
proton exchange by acidifying the samples. This could be accom- 
plished by acidifying to a pH of 4. (Alkalizing to achieve the same 
effect salts out the sample.) Since the samples generally are nearly 
neutral or just slightly alkaline, only a very small quantity of acid 
is required. By using 96 per cent sulphuric acid which contains a 
low concentration of water per acidic hydrogen, the amount of 
hydrogen added by the acid to the total sample is so small that no 
correction needs to be made. For example, only one small drop of 
acid from a micro pipet is usually required to acidify two ounces of 
solvent to the optimum pH. 
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The peak heights are measured by a conventional base line 
technique. Since it is desired to determine the components in weight 
per cent, each peak height (corrected for recorder attenuation by 
multiplying by the attenuation factor) must be multiplied by the 
molecular weight of the corresponding compound and divided by 
the gramme equivalent weight of the hydrogens in the particular 
group contributing to the absorption. In the case of the hydroxyl 
band, however, a correction must be made for the interference of 
water and alcoholic hydroxyl. The procedure is to correct the peak 
height of the water due to the interference of the alcohol based upon 
the peak height of the alcoholic methyl band. For example, the 
contribution of the alcoholic —OH should be 1/9 of the peak height 
of the alcoholic methyl group (1 alcoholic hydroxy! hydrogen per 9 
methyl group hydrogens). After the two methyl peak heights and the 
corrected water peak height have been multiplied by the appropriate 
factors, the sum is normalized to 100 to give each determination in 
weight per cent. The time required per analysis is about 20 min. 


Analytical Accurac) 

Twelve synthetic blends were prepared and the accuracy of the 
n.m.r. analyses are summarized in Table 1. In each case the acidifying 
procedure was carried out. The accuracy and precision are sufficient 
for the purpose for which these analyses are intended. It is seen that 
slight biases exist for the tertiary butyl alcohol and the acetone 


Table 1. Absolute deviations in n.m.r. analyses of twelve synthetic 
aqueous acetone solvent blends 





Water, tert.-Butyl alconol, Acetone, 
9-15 per cent 5-18 per cent 67-86 per cent 


Standard deviation 0-27 0-25 
Maximum deviation 7 1-0 
Bias 0-02 0-33 





determinations. This may reflect the fact that the band widths of the 
various bands are not quite the same, or it may simply be a result of 
slight systematic errors in the base line technique of measuring peak 
heights. Since the concentrations of the various components in 
plant samples do not vary widely, the biases noted here are simply 
applied as constant correction factors to the actual determinations. 
Alternatively, corrective multiplying factors could have been applied 
to each peak height to eliminate the bias. A cross-check of n.m.r. 
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analyses with analyses obtained by gas—liquid partition chroma- 
tography (g.|.p.c.) on fifteen plant samples was carried out. Again, 
no large systematic errors were noted. The average deviations were 
(n.m.r. g.l.p.c.) 0-6 per cent for water, +0-4 per cent for tert.- 
butyl alcohol, and +-0-2 per cent for acetone at about the same con- 
centration levels shown for the synthetics. It is expected that further 
improvement in n.m.r. results could be accomplished by replicating 
the absorption measurements to obtain better statistical averages. 
However, the reproducibility of measurements appeared to be suffi- 
ciently good that this was not warranted. Other sources of errors 
may be the selective volatilization of the solvent or the occasional 
presence of impurities which are not normally included in the ana- 
lytical scheme. 


HYDROCARBON TYPE CHARACTERIZATION IN 
COMPLEX MIXTURES 


Chromatographic methods are available for separating high boil- 
ing petroleum fractions into primarily aromatic and saturate con- 
centrates. Olefins usually are present only in negligible quantities. 
N.M.R. characterization schemes have been developed for each of 
these two concentrates, and these shall be briefly described. Fuller 


discussions are given elsewhere (14). 


Aromatics 

N.M.R. spectra of aromatics reveal three major absorption bands 
from three hydrogen types: hydrogen on aromatic rings, hydrogen 
on alkyl groups alpha to aromatic rings, and hydrogen on all other 
alkyl groups. These characteristic bands, plus also that due to olefinic 
hydrogen, are shown in the spectra of Fig. 7. The partial resolution 
of the other alkyl band, showing further sub-types, is of only minor 
interest in the characterization of aromatics, but is vital to the 
characterization of saturates, as will be shown in the next section. 
The relative concentrations of the three hydrogen types are provided 
by measurements of the area under the three major bands; the abso- 
lute hydrogen concentrations are given by these measurements plus 
an elemental analysis for total hydrogen. Unfortunately, the hydro- 
gen type distribution is an unfamiliar concept not easily compared 
with other analytical information, which usually is of the carbon 
type distribution. One therefore desires to develop approximation 
methods to relate one with the other. The present problem is to 
approximate the carbon distribution. For maximum information, 
elemental analyses plus molecular weight are required in addition to 
the NMR measurements. 

For the present, three assumptions will be made: (1) the C/H 
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Fig. 7. Representative spectra of hydrocarbon types. 


(A) Toluene plus 2-cyclopentylheptane. 

(B) Aromatics from virgin gas oil (lower curve is from detergent alkylate 
for background correction) 

(C) Aromatics from medium weight catalytic cycle stock 

(D) Aromatics from heavy catalytic cycle stock. 

(E) Polystyrene 

(F) GR-S rubber (styrene—butadiene copolymer) 


ratio of the average alpha alkyl group is equal to that of the total 
alkyl group, (2) the number of naphthene rings per alkyl group is a 
linear function of the number of carbons per group, and (3) if there 
are more than one aromatic nuclei per molecule, they are directly 
joined in the manner of the two phenyl groups in biphenyl. Other 
alternatives are given in (14). Going into assumption (2) a little more 
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fully, it is reasonable to expect that the number of naphthene rings 
per group should extrapolate to the number per molecule in a 
contiguous saturate fraction for equally large alkyl groups, and to 
zero for one carbon per group. On this basis, the proportionality 
constant in the assumed linear relation can be calculated from the 
saturate fraction. 

The C/H weight ratio, f, of the alkyl substituent group depends 
upon the number of carbons per group, n, and the number of naph- 
thene rings, r, as follows: 


12n 
-]1 —2 


With the considerations of assumption (2) this reduces to 


12n 


f (3 —z)n+2’ 


where z is a constant equal to or greater than unity, which can be 
calculated from the contiguous saturate fraction; available data 
from a wide variety of crudes show that the average value of z is 


about 1-15, and the maximum found to date is about 1-22. 

One can now proceed to other calculations quite simply. Let H be 
the weight per cent tctal hydrogen in the aromatic fraction, C the 
weight per cent total carbon, M the molecular weight, and other 
symbols as defined: 


Symbols and Calculation Steps Definitions 


Area under aromatic ring 
band 
Area under alpha alkyl band 
Area under other alkyl band 
ay + az l Normalization of absorptions 
a,H, H,= a,H,H;=a,H Hydrogen types, weight per 
cent 
Average number carbons per 
alkyl substituent group 
Alkyl carbon, weight per cent 
Aromatic ring carbon, weight 
per cent 
Peripheral substitutable aro- 
matic ring carbon, weight 
per cent 
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Per cent substitution of alkyl 
groups on peripheral substi- 
tutable aromatic ring car- 
bons 

Total number of aromatic 
ring carbons per molecule 


100f H, 
al 


Total number of peripheral 
substitutable aromatic ring 
carbons per molecule 

Total number of aromatic 
rings per molecule 


Table 2. Aromatic ring carbon content of virgin gas oil aromatic 
fractions by various methods 





: Revised 
Crude source . n-d-M 


South America 34:7 
California : 34-5 


x 
5 


South America 42 
South America 88 38°5 
South America 3} 38-4 
South America 40:5 
South America ; 38-9 
Mixed 41-0 
South America : 36°5 
Texas 3} 36°7 
Texas , 32:1 
Texas 31-4 





One of the most useful of these determinations is the aromatic 
ring carbon content, C,. Table 2 compares results by the n.m.r. 
method with those by mass spectrometer and by a modified n-d-M 
method (index of refraction-density-molecular weight). These data 
were taken from a paper by HAsTINGs ef a/. (15), which also describes 
the modification of the n-d-M method originally developed by VAN 
Nes and VAN WESTEN (16). These methods are completely inde- 
pendent, and the agreement is considered very good. The n.m.r. 
method is believed to be generally accurate to about +-2 per cent 
absolute for aromatic ring carbon. 

Detailed n.m.r. characterizations of three typical aromatic frac- 
tions derived from petroleum are shown in Table 3. The method is 
applicable for even the highest molecular weight ranges of petroleum, 
as can be seen from the asphaltenes analysis. A discussion of sources 
of error has been given (14). 
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Table 3. Analyses of aromatic fractions 





Virgin west Catalytic Asphaltenes 
Elemental analysis Texas Gas cracking from west 
oil cycle stock Texas asphalt 


10-70 8-21 
86°19 88-18 
4-0 3-6 


Hydrogen types, per cent 
H, (aromatic ring) 
H, (alpha alkyl) 
H, (other alkyl) 


Carbons per alkyl group 
Molecular weight (ebullioscopic) 


Carbon types, per cent 
C, (total alkyl) 
C, (total aromatic ring) 
C, (substitutable aromatic ring) 


Total aromatic rings 
Per cent alkyl substitution on 
aromatic rings 





Saturates 

Typical spectra of saturate fractions are shown in Fig. 8. These 
spectra are similar to the other alkyl bands of the aromatics shown in 
Fig. 7. Two things are evident from a study of spectra of saturates 
derived from virgin petroleum: (1) the nominal band due to methylene 
groups in naphthene rings always appears to be either absent or 
very small, and (2) the other two bands may vary greatly in relative 
intensity depending upon the particular petroleum stock. The ratio 
of the peak heights of the methyl to acyclic methylene absorptions, 


ACYCLIC CHe 


Fig. 8. N.M.R. spectra of saturates. Upper curve is 2-cyclopentylheptane, middle 


and lower curves are saturates from gas oil containing 45 and 30 per cent 
naphthene ring carbon, respectively 
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uncorrected for overlap, is called in these laboratories the “*branchi- 
ness index”’, or b.i. Although this ratio evidently is a measure of the 
branchiness of the sample, it may be surprising that it correlates 
linearly, not with the isoparaffin content of the sample, but with the 
naphthene ring carbon content. This must mean that naturally 
occurring naphthenes are highly substituted with aliphatic chains, 
probably mostly methyl groups, and are thus much more “branchy” 
than the paraffins. Regardless of the structural details, the correla- 
tion is so good that it can be used for analytical determinations. A 
correlation has been set up using naphthene ring carbon data sup- 
plied by mass spectrometer analysis (17). Comparisons by the two 


Table 4. Comparison of NMR and MS determinations of naphthene 
ring carbon content in virgin gas oil saturate fractions 





Per cent Cyn 





Crude source 


Middle East 
Texas 

Mixed 

South America 
South America 
California 
South America 
South America 
South America 


—ASooooos.-=— | 
> NANANUwW 


Standard deviation 2-5 





* Calculated assuming 5-5 carbons per single ring naphthene and 3-5 carbons 
per each additional ring. 


methods on virgin gas oil saturate fractions (300-400 molecular 
weight) are shown in Table 4. Although the mass spectrometer re- 
sults are probably more accurate, n.m.r. is slightly more precise and 
much more rapid. 

A correlation analysis such as this must, of course, be used with 
caution, and only on those types of stocks for which it has been well 
established. 


DETERMINATION OF TOTAL HYDROGEN 


Since these methods have not been published in a journal they will 
be presented in some detail. Measurement of hydrogen content by 
n.m.r. involves a comparison of the total absorption of all hydrogen 
types in a sample with that of a standard sample of known hydrogen 
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content, with both measurements being made under identical instru- 
mental conditions and in such a way that the net absorption per 
resonating hydrogen nucleus is the same in both cases. The latter 
means that spectra must be measured under non-saturation condi- 
tions, that the same geometry of sample volume must be maintained, 
and that however the spectrometer is operated, the nuclei and the 
signals from them must be perturbed in exactly the same way for 
both sample and standard. When this is done one has the relation 


a = kHev, 


where a is the total absorption, k is a proportionality constant de- 
pending upon instrumental conditions, H is the weight per cent 
hydrogen, c is the weight of sample (or standard) per unit volume 
of solution, and v is the effective volume of solution measured. As 
pointed out earlier, CS, is generally used as a solvent. It is convenient 
to have one sample cell for the sample and one for the standard so 
that rapid comparisons may be made before instrumental conditions 
have much chance to vary. If the two cylindrical cells, or tubes, are 
equal in volume (volume means the total volume which contributes 
to a signal, and this encompasses a region from slightly above to 
slightly below the receiver coil surrounding the sample tube) the 
factor v for each cell may be ignored in the above equation. If this is 
not the case a cell constant for the sample cell with respect to that of 
the standard cell (the latter taken as unity) can be obtained by 
ratioing the two absorptions when the same sample is in both tubes. 
From a determination of the constant k for the standard, and by 
substituting this in the equation for the sample, the value of H for 
the latter is easily computed. 

To improve precision, tubes with diameters larger than normal for 
high resolution measurements may be employed since signal-to- 
noise is proportional to sample volume. Blends are made relatively 
concentrated (about 0-1 g/ml), but are so adjusted that signals from 
both sample and standard are approximately full scale on the re- 
corder for ease and precision of measurement, without the necessity 
for changing amplification settings between sample and standard. 
In order that all signals will have about the same frequency com- 
ponents so that distortions from possible excessive filtering and from 
possible non-linearities will be about the same, the sample probe 
of the spectrometer is positioned in an inhomogeneous region of the 
magnetic field to broaden and merge the different absorption bands. 
Broadening the bands also makes the area measurements insensitive 
to small scan and field fluctuations. Further minimization of these 
effects can be accomplished by substantially increasing the rate of 
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scan. The total area, of course, is not affected by inhomogeneity 
broadening. 

In these measurements it is convenient to employ electronic 
integration since there is now no worry about overlap corrections 
Also, with electronic integration it is easy to obtain an average 
absorption from 10 to 15 separate measurements to improve precision 
further. When the transmitter power output, or the amplification 
factor of the receiver, varies during a run it is good practice to alter- 
nate the sample and standard measurements in obtaining the 
averages. Experience in these laboratories shows that long term 
fluctuations with the present spectrometer amounts to several per 
cent and that it is worth while to electronically stabilize the trans- 
mitter power to minimize this source of error. 

Table 5 presents typical results by the n.m.r. procedure. The stand- 
ard deviation determined from comparisons with theoretical values 
of pure compounds and with combustion analyses of petroleum 
fractions is about 2 per cent of the hydrogen present. However, the 


Table 5. NMR determination of total hydrogen by direct absorption 
method 





Weight per cent hydrogen 


Reference 
standard N.M.R 


Theoretical or Per cent 
combustion deviation 
determination 


Sample description 


Set | 
Virgin gas oil n-Heptane 
Asphaltenes from 
asphalt n-Heptane 
Total asphalt n-Heptane 
Toluene n-Heptane 
Med. lubricating oil n-Heptane 


Set Il 
Toluene n-Heptane 
Med. lubricating oil n-Heptane 
Virgin gas oil n-Heptane 
Total asphalt n-Heptane 
Asphaltenes n-Heptane 


ooo 
—h Vv iY oO 


Nw 


Set Il 
Toluene Ethyl benzene 
n-Heptane Ethyl benzene 
C.-430°F aromatics Ethyl benzene 
430-650 F aromatics Ethyl benzene 
650°F + aromatics Ethyl benzene 
650—1000 F aromatics Ethyl benzene 


Per cent standard deviation 
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precision due to absorption measurements alone, determined from a 
statistical study of the separate measurements making up the aver- 
ages, is only about 1-2 per cent. The remainder must be due to other 
causes, such as sample-blending errors, cell-volume errors, and errors 
in the combustion analyses used in many of the comparisons. No 
systematic errors corresponding to variations in sample composition 
are evident. One is thus led to believe that the n.m.r. method may 
yield results more accurate than these by at least a factor of 3 if 
more attention were paid to instrumental stabilization and to details 
of blending, thermal expansion of sample solution, selective vola- 
tilization of solvent or of sample, and so on. 

The direct absorption method described here is useful for liquids 
of rather high hydrogen content. It lacks sensitivity for very low 
hydrogen concentrations and for samples, either viscous or solid, 
which have very broad bands. For these types the sensitive modula- 
tion methods which employ phase sensitive detectors may be used to 
better advantage. The absorption mode modulated method (with 
phase sensitive detection) requires a double integration of the re- 
corded signal (18). In order that modulation effects do not give 
distortion of the signal, however, it is necessary that the modulation 
frequency (rads/sec) be less than the half-band width of the absorption 
band (or reciprocal of the relaxation time, 7,), with the latter mea- 
sured in the same frequency units. For liquid samples of petroleum 
hydrocarbons this requirement makes the modulation frequency 
inconveniently low. The dispersion mode modulated method (with 
phase sensitive detection) appears to be more applicable than the 
modulated absorption method for samples of rather high relaxation 
times. With this method the r.f. magnetic field, H,, may be increased 
to the saturation condition (only the absorption mode, not the dis- 
persion mode, signal is diminished by saturation) so that the width 
is determined by H,. Conveniently high modulation frequencies may 
then be used without producing modulation “wiggles” in the 
resonance signal. However, if the modulation frequency is substan- 
tially greater than the inverse relaxation time, 1/7,, the shape of the 
recorded signal no longer is approximately that of the first derivative 
of the dispersion curve, as is the case if the modulation frequency is 
much less than 1/7). In particular, for the former case, there are two 
maxima of almost equal height situated at equal distances from the 
centre of resonance, with a single minimum or zero height at the 
centre of resonance (just touches the extended base-line). This case 
has been extensively employed in analytical determinations of total 
hydrogen in these laboratories (19) in those instances when 7,/7, ~ 
const., which is always very nearly true for petroleum fractions 
diluted in solvents. When this ratio is constant a simple peak height 
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measurement of the first maximum is proportional to hydrogen 
content, with no integration required. This peak height may be 
substituted for a in the absorption equation given at the beginning 
of this section with other details proceeding as before. For pure 
compounds and homogeneous substances, analytical determinations 
by this method have a standard deviation of about 2 per cent of the 
total hydrogen; for the heaviest of asphalt fractions, the most difficult 
samples encountered, the standard deviation is about 4 per cent. 
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SUMMARY 


The determination of the ionization potentials of hydrocarbons by direct photo- 
ionization methods using a vacuum ultra-violet monochromator is described. 
Tables of these i.p.s are given which when supplemented by values available 
from spectroscopic determinations form a set of precise data from which struc- 
tural correlations can be established. Thermochemical data are used to calculate 
ground state stabilization energies resulting from alkyl substitution and ionization 
potential data to give the stabilization of the ionic states. The results are discussed 
in the light of current theories. 


THE absorption spectra of molecules in the vacuum ultra-violet 
correspond to transitions to highly excited states usually of a Rydberg 
nature which lead to eventual photo-ionization when the requisite 
short wavelength is reached. The use of a vacuum grating mono- 
chromator with an absorption cell and photodetector behind the 
exit slit for the quantitative measurement of absorption at short 
wavelengths was described at the last Institute of Petroleum 
symposium by BurpeTT ef al. (1). Since then there has been a 
new and important development of this type of equipment in which 
the ionization produced in the substance under investigation as well 
as its absorption is measured in the short wavelength range, down 
to the limit of the transmission of the lithium fluoride cell windows at 
1060 A and even lower by dispensing with cell windows and utilizing 
differential pumping techniques. By measuring the onset of the ion 
current as the wavelength is decreased WATANABE (2) and his co- 
workers have developed a refined technique by which extremely 
reliable values of molecular ionization potentials can be obtained with 
a precision comparable with the values deduced from analysis of the 
spectra in terms of Rydberg series. This method moreover is not 
limited as is the spectrographic method to the relatively few molecules 
which have sharp absorption bands but is applicable also to molecules 
whose absorption is diffuse and therefore not amenable to spectro- 
scopic analysis. Precise ionization potential data have thus been made 
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available for large classes of molecules and it has become possible to 
study the variation of this molecular property with molecular 
structure and constitution. Although ionization potentials determined 
by electron impact methods have been available for some time, the 
accuracy of such determinations is at best about +0-1 V and 
usually the errors are much greater, making them unsuitable for 
reliable correlation studies or for comparison with the results of 
theoretical studies which are now being made. The photon-impact 
method is inherently more accurate (error usually less than a few 
hundredths of a volt) and values based upon this method are more 
suitable for establishing relationships with structure 

The reason for the superiority of this technique is twofold. 
Firstly it is much easier to get mono-energetic photons than electrons 
and secondly the ion current in the photoionization process sets in 
very sharply as the energy of the interacting photon is increased 
while in the electron impact case its growth is only very gradual. 
This results from the fact that while a photon of even minimum 
energy produces an ion pair and the maximum ion current appears 
immediately, an impacting electron of this energy remains in the 


Only when it has appreciable excess energy can it get away from this 
region and only then does the ion current start to grow. The photon 
technique has recently been further developed by using a mass 
spectrometer to investigate the ions produced in a chamber located 


exit slit of a vacuum ultra-violet monochromator (3) 


1 this way values can be obtained for the appearance energies of ion 


agments with an accuracy much greater than that obtained 


onstructed and the method used ts 
Watanabe and will be described only 
iet monochromator was a normal 

ive grating of 15,000 lines/in. (Fig. 1) 

olation oO! the grating adout a fixed 

anges being achieved by a movement 

[he light source was a high- 

arge tube operated from a stabilized d.c 

power supp t ran at 850-600 V and 250 mA and maintained an 
Outpul which wa nstant over jo! 2 pel ods. The photodetector (P) 
was an end-windov M.1. eleven-stage photomultiplier sensitized to 
short wavelengths with a thin coating of sodium salicylate. It was 
sealed to the rear end-plate of the photoionization cell by an O-ring 


seal. The ionization cell itself was constructed from a brass cylinder 
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and was one of a series of units which could be attached to the exit 
slit of the monochromator. It had a front window of lithium fluoride 
and was fitted with collecting electrodes of tungsten plate mounted on 
polythene bushes between which the beam passed. The ionization 
current was measured with an EKCO V.R. electrometer (A) and 
the gas pressure in the cell with an Alphatron vacuum ion gauge (a). 
A silicone U-tube oil manometer and a McLeod gauge were used to 
calibrate the ion gauge. The output of the photomultiplier was fed 
into a Brown Recorder through a cathode follower. 


RECORDER | 
AMPLIFIER 











Fig. |. Schematic diagram of photo-ionization apparatus 


For each point on the curve of ion yield against wavelength it was 
necessary to carry out the following operations. The monochromator 
was set at a particular wavelength and the current from the photo- 
multiplier with the cell evacuated was recorded (/,) .The sample was 
allowed into the cell in sufficient pressure to give about 25 per cent 
transmission and the corresponding photomultiplier current (/) 
together with the ion current (i) and the pressure recorded. The quan- 
tity (/, /) was proportional to the number of photons absorbed 
and the ion current to the number of ions formed in the cell. The 
photoionization yield defined as the number of ions formed per 
100 photons absorbed is given by Ki/(/, 1) where K 1s a constant 
of the apparatus independent of wavelength. The pressure measure- 
ment is not required for the yield but is used to give the absorption 
coefficient and hence the absorption cross-section and photoioniza- 
tion cross-section if required. The absorption cross-section oa is 
defined as (1/nx)log,(/,//) where n is the number of molecules per cm* 
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and x is the layer thickness in centimetres of the absorbing gas 
while the photoionization cross-section o, is defined as 


(photoionization yield) 


— 


The curves were plotted on a semi-log. scale as indicated in Fig. 2. 


They show that for many molecules the ionization yield rises rapidly 
over a narrow range of wavelengths levelling off at a fairly steady 
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Fig. 2. Photo-ionization yield curves for benzene, toluene and para-xylene 


value. The longest wavelength at which this value is obtained (i.e 
the sharp bend in the curve) is taken to correspond to the 1tonization 
potential. The steep portion of the curve corresponds to the super- 
position of curves arising from transitions from ground states 
already possessing appreciable vibrational and rotational energies to 
States of the ion in which these energies have reduced values. In 
first approximation this part of the curve can be explained in terms 
of a Boltzmann distribution, exp(—/Ac4v/kT). Curves of this type 
were invariably obtained for small molecules for which little change 
might be expected in their form and dimensions as a result of the 
ionization, particularly for those molecules whose spectra showed 
well-developed Rydberg Series. In such cases the wavelength of the 
sharp bend in the yield curve was found to be in excellent agreement 
(+0-005 V) with the ionization limits determined spectroscopically 

For another class of molecules which included the paraffins the bend 
in the curve is much less sharp and the yield considerably lower. 
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The absorption spectra of these molecules were frequently so diffuse 
that no spectroscopic value could be deduced for the ionization 
potential. However, the values of the ionization potentials obtained 
from the yield curve were still of a fairly high order of accuracy 
and can be used for the sort of structural correlation which will be 


discussed here. 


HYDROCARBON MOLECULES AND RADICALS 
Table 1 contains the ionization potentials of a large number of 
molecules classified so as to bring out the effect of alkyl substitu- 
tion on particular chromophoric groups. Inspection of this table 


Table l. 


Table of ionization potentials of hydrocarbons 





Mole ule 


Methane 
Ethane 
Propane 
n-Butane 
soButane 
n-Pentane 
isoPentane 
neoPentane 
n-Hexane 
2-Methy! 
pentane 
3-Methy! 
pentane 
2:2-Dimethy! 
butane 
2 :3-Dimethy! 
butane 
n-Heptane 
2:2:4-Trimethy] 
pentane 
cycloPropane 
cvcloPentane 
cycloHexane 
Methylevyc/o- 
hexane 


E thy lene 
Propylene 
1-Butene 
isoButene 
trans-2-Butene 
cis-2-Butene 
1-Pentene 
2-Methyl-1- 
butene 
3-Methyl- 
butene 
3-Methyl-2 
butene 


L.P.(V) 


12-99 
11-63 
11-08 
10-63 
10-55 
10°33 
10-30 
10-37 
10°17 


10-09 
10-05 
10:04 


10-00 
10-06 


9-84 
10-06 
10-5] 

SS 


0-01 
0-02 
0-03 
0-03 
0-05 
0-05 
0-05 
0-07 
0-05 


0-05 
0-05 
0-05 


0-05 
0-05 


0-05 
0-03 
0-03 
0-02 


0-02 


0-01 
0-0! 
0-0] 
0-02 
0-0] 
0-01 
0-02 


0-02 
0-02 


0-01 


Re j 


A te te 


UuUWna 


Mole ( ule 


1-Hexene 
3-Dimethy! 
butene 


Butadiene 
2-Methyl- 
butadiene 
3 Dimethyl- 
butadiene 


Acetylene 
Methyl acetylene 
Ethyl acetylene 
Benzene 
Toluene 
Ethyl benzene 
n-Propy! 
benzene 
n-Buty! 
benzene 
isoButyl benzene 


sec.-Butyl benzene 
tert.-Butyl benzene 


o-Xylene 

m-Xylene 

p-Xylene 

| :2:3-Trimethy! 
benzene 

| :3:5-Trimethy] 
benzene 

| :2:4-Trimethy! 
benzene 


Naphthalene 

1-Methy! 
naphthalene 

2-Methy! 
naphthalene 


UF 


9-46 


30 


07 


(V) Ref 
0-02 
0-0] 
0-0] 
0-01 
0-0] 
0-01 
0-01 
0-0] 
0-01 
0-01 
0-01 
0-0] 
0-0] 
0-0] 
()-() 
0-0! 
UU! 
0-0 
0-0! 
0-0! 
0-0! 
0-0 
0-0] 
0-02 


- 
UU UZ 
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indicates that the first replacement of a hydrogen atom by a methyl 
group brings about a large decrease in ionization potential. As the 


alkyl group is increased there is a still further reduction, but on a 


smaller scale, and a limiting value is quickly reached for a long nor- 
mal hydrocarbon substituent. Branching of the chain causes further 


reduction relative to the normal substituent and it is clear that the 
lowering of the ionization potential is a function of the number of 
atoms that are packed into the immediate environment of the electron 
(chromophoric) group concerned. The ionization potentials given 
in the table are of course the lowest ionization potentials of the 
molecules and corresponded to the most loosely bound electrons 
which are 7 (C=C) electrons of unsaturated or o (C—C) electrons 
of saturated hydrocarbons. 

To illustrate the above in greater detail let us first take the olefins 
where the ionization is that of a double bond z-electron. The suc- 
cessive differences between ethylene, propylene, I-butene, I-pentane, 
l-hexene are 0-78, 0-15, 0°08, 0-04 V respectively from which it 
appears that the effects are roughly inversely proportional to the 
square of the distance from the nearest carbon atom of the double 
bond (i.e. 1:1/4:1/9:1/16). On the other hand substitution of the 
hydrogen atoms adjacent to the double bond as in propylene, 
2-butene, 3-methyl-2-butene and 2:3-dimethyl butene are 0-78, 0-60, 
0-45, 0-38 showing that the successive substitutions are of the same 
order and only reduced by a small factor which can be interpreted as 
a saturation effect. This effect is also present in isobutene which has 
a reduction of only 0-50 V relative to propylene due to the fact that 
the two methyl groups attach themselves to the same carbon; 
compare also the difference between butene-2 and 3-methyl-2-butene 
(0-45 V). cycloPentene and cyc/ohexene (9-01 and 8-945 \V respec- 
tively) can be regarded as derivatives of cis-2-butene and suffer only 
small additional reductions (0-12 and 0-18 V) relative to this com- 
pound. 

The change in ionization potential brought about by a substitution 
is numerically equal to the difference in the changes tn energy which 
develop in the ground and ionized state. In fact, reduction in ioniza- 
tion potential = stabilization of ionic state — stabilization of ground 
state, a reduction in ionization potential implying that there has been 
a greater stabilization in the ionic than in the ground state. The 
Stabilization in the ground state can be calculated in the following 
way. If one takes the difference between the heats of combustion of 
two successive members of a straight-chain homologous series then 
provided this is done for sufficiently high members the value ob- 
tained will be 157-4 kcal/mole (11). This can be taken as the contribu- 
tion to the heat of combustion of a molecule by replacement of a 
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hydrogen atom by a methyl group if there is little interaction of the 
methyl group with the rest of the molecule, i.e. no change in the 
resonance energy of the molecule. The difference between 157-4 
and any increment observed arises from some additional interaction 
of the methyl group and is a quantitative measure of this interaction. 
Thus 


Stabilization energy = S = 157: C(MX) — C(HX) kcal/mole (1) 


where MX represents a molecule containing a methyl group M 
The cumulative effects of successive methyl substitution can be added 
to give the total stabilization of an alkyl group in any series. These 
values are given in Table 2(a) for the stabilization energies of the 
olefins relative to ethylene. The table also includes the stabilizations 
of the ionic states (S') which can easily be calculated from the 
equation 4/ S S, where 4/ is the reduction in ionization 
potential of the substituted ethylene relative to ethylene. Table 2(b) 
gives corresponding data for the alkyl benzenes. It can be seen from 
this table that the stabilization of ionic states is much greater than 
that of the ground state. The nature of this stabilization will be 
discussed theoretically in a later section but for the present purpose 


Table 2. Stabilization energies in ground and ionic states of (a) alkyl 
ethylenes relative to ethylene in kilocalories per mole ; (b) alkyl benzenes 
relative to benzene 





Substance S$" Substance 


20-6 | Toluene 

23-7 | Ethyl benzene 
n-Propyl benzene 
isoPropyl benzene 
o-Xylene 


Propylene 
1-Butene 
1-Pentene 
|-Hexene 
isoButene 
cis-2-Butene m-Xylene 
trans-2-Butene p-Xylene 
3-Methyl-2-butene 50:2 | 1:2:3-Trimethyl benzene 
2:3-Dimethy! butene |:2:4-Trimethyl benzene 
1:3:5-Trimethyl benzene 


~mhry 


SUP UNNNN 
* ees JA UA ae 





it can be regarded as a polarization of the substituent alkyl groups by 
the positive hole in the double bond and the magnitude of this effect 
can be seen to be a function of the closeness of the packing of these 
groups about the double bond. Although the stabilization energies 
of the ground states vary with the proximity of the alkyl groups in 
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a somewhat similar manner there are small anomalies. For example, 
the stabilization of the ground state of 1-butene is 13 per cent less 
than that of propylene, whereas if this were purely a polarization 
effect it would be expected to be greater by about this amount on 
account of the larger size of the alkyl group, as it certainly is in the 
case of the ion. It must therefore be concluded that while even in the 
ground state the main stabilizing agent is one dependent upon the 
close packing of alkyl groups about the double bond there are other 
factors probably of a steric nature which also make appreciable 


Table 3. Stabilization energies in ground and ionic states of alkyl 
radicals realtive to the methyl radical (in kilocalories per mole) 





Ethyl n-Propyl | isoPropyl | n-Butyl | tert.-Butyl 


Radical 2 4 7°5 5 9 
Ion 24:5 47 47-5 61 





Table 4. Stabilization energies of some acetylenes and dienes 





Substance : S$* Substance 


Methy! acetylene 29-0 | Isoprene 
Ethyl acetylene 32-9 Dimethyl butadiene 
Dimethyl acetylene 





contributions to it. The reason why polarization effects (or contribu- 
tions from dispersion forces) can operate in the ground state is 
connected with the fact that the ionization potential of the 7-elec- 
trons of the double bond is less than that of the electrons of the alkyl 
groups and in this respect it can be regarded as already partially 
ionized. Ground state stabilizations calculated this way (i.e. by 
Eq. (1)) are negligibly small for saturated hydrocarbons where this is 
not the case. 

A similar table for the alkyl benzenes is given in Table 2(b). Here 
again it is possible to combine thermochemical and ionization po- 
tential data to evaluate the effects of alkyl substituents on the ground 
and the ionized states of these molecules. Ground state stabilizations 
in the same range of magnitude as in the olefins are obtained with 
corresponding alkyl substituents. Stabilizations of ionic states are 
again large, though not as large as for the olefins. This is due to the 
fact that the z-electron density is on the average further away from 
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the alkyl group in aromatics than in olefins. Major effects are ob- 
tained when substitution of a ring hydrogen by a methyl group 
occurs and the contributions from second and higher carbons in an 
alkyl group rapidly fall to zero. Table 3 gives values of the relative 
stabilization of the normal and ionized states of the alkyl radicals 
which have been deduced from the data on the alkyl iodide bond 
strengths quoted by Evans (12) and recently determined values of 
the ionization potentials of the radicals (13, 14). Here again we are 
dealing with the effect of an alkyl environment on a z-electron and it 
is reassuring to see that from this completely independent experi- 
mental data the ground and ionic state stabilizations are close to those 
observed for the corresponding olefins. Table 4 contains some data 
on the acetylenes and dienes which appear to be in accord with the 
previous tables, though it should be mentioned that there is still a 
possibility that the ionization potentials found for methyl acetylene, 
etc. may be low because of the production of allene ions by iso- 
merization in an excited state of methyl acetylene. 


Paraffins 

Finally let us consider the table of ionization potentials for satur- 
ated hydrocarbons (Table 1). All these behave in a very regular 
way which can be summarized in the following statements. (a) In an 
homologous series the ionization potential decreases gradually in 
going to higher members, the largest difference occurring between 
the first and second and subsequent differences between successive 
members becoming progressively smaller. (b) A branched paraffin 
has a lower i.p. than its normal counterpart and in general the more 
compact or more branched the molecule is the lower its i.p. There 
are two exceptions to these generalizations both of which are capable 
of very reasonable explanations. Firstly cyclopropane has a lower 
i.p. than cyclopentane. This is clearly connected with the strain in 
the ring which gives the electrons in the C—C bonds a certain “‘p” 
character. Also tetramethyl methane (2:2-dimethyl propane or neo- 
pentane) would be expected to form a specially stable electron con- 
figuration about the central carbon atom because of the great sym- 
metry of this arrangement. This would lead to a high i.p. relative 
to the less symmetrical n- and isopentanes as is found. This is also 
borne out by its heat of combustion which is appreciably lower than 
that of the other pentanes. 


Discussion 

The ionization potentials of the normal paraffins have been cal- 
culated in terms of certain parameters by an equivalent orbital 
method by HALL (15, 16). The parameters are obtained by fitting 
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the solutions to the observed i.p.s of the earlier members and using 
them to predict those of the subsequent members. The assumption 
was made that the observed (lowest) ionization potential was of an 
electron removed from a symmetrical molecular orbital mainly 
localized over the CC bonds of the molecule. The values of the 
ionization potentials calculated from these parameters were in good 
agreement with those observed. However, since an equally good 
agreement was obtained when it was assumed that the electron 
ionized came from an antisymmetrical molecular orbital localized 
over the CH bonds, the nature of this electron is still in doubt. The 
ionization potentials of the alkyl ethylenes were also treated by 
HALL with somewhat similar results. The calculations have been 
extended to other molecules by FRANKLIN (17). 

A simplified way of considering the interaction of an alkyl group 
with a chromophore such as for example the z-electrons of a double 
bond may make the process clearer. Let us assume that a pseudo z- 
orbital of the alkyl group (7,4) interacts with the z-orbital giving 
(7 + my) orbitals* which have higher and lower 1.p.s with respect to 
7. The lowest i.p. is associated with the antibonding combination 
(7 74). This orbital corresponds to a loosening of the z-orbital 
and a stabilization of the ionic state since the electron left is in a 
(7 74) Orbital and therefore more strongly bound. The average 
electron density in the ion has also changed some having passed 
from the alkyl group to the double bond, there being an apparent 
covering up of the positive hole in the double bond by negative charge 
from the alkyl group. Thus both qualitative physical explanations of 
the lowering of the ionization potentials of chromophores by alkyl 
substitution i.e. (a) simple charge transfer in the ground state and 
(b) stabilization of the ionic state and negative charge transfer from 
the substituent to the positive hole in the chromphore have some 
basis in the quantum interpretation of the process. In the case of 
normal octane it can be calculated (18) that there is a 23 per cent 
probability of the positive hole being on the central CC bond. This 
falls to 20, 11-5 and 3-5 per cent respectively for each of the CC bonds 
on either side of the centre. However, work on the fragmentation of 
ions in a mass spectrometer (19) does not appear to be consistent 
with the charge distribution calculated this way. The theory appears 
to fall short in not taking sufficient account of electronic interaction 
in neutral and ionic states and in assuming that the energy In a given 


orbital is independent of how many others are occupied (20, 21). It 
is therefore doubtful whether the simple theory is adequate on a 
quantitative basis and until prediction of stabilization both in the 


* More precisely suitable mixing coefficients should be included, viz. (az 
baa) and (cx dma) 
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ground and ionic states are possible it cannot be said that the factors 
affecting the ionization potentials of hydrocarbons are completely 
understood. 

Finally it should be mentioned that while this article has been 
mainly concerned with the ionization potential data, the information 
obtained from the values of the ion yield is also of interest. For 
small molecules high yields are obtained and most of the photons 
absorbed produce molecular ions. However, the ion yields decrease 
progressively with increase in the size of the molecule, indicating 
that processes of dissociation or internal conversion are taking place. 
These probably arise from the capture of the escaping electron by 
the extended regions of the molecule. 
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SUMMARY 


hragm shock tubes are a convenient source for suddenly heating 
e to very high temperatures. The types of spectra obtained 


he possibilities of the technique for producing stellar-type 


ying excitation and collision processes, combustion reactions, 


nperature measurement, are stressed 


INTRODUCTION 

It HAS been known for some years that an intense shock wave is 
accompanied by emission of light (1, 2), and in the last few years 
have been a number of spectroscopic studies of this light 
lission (3-8). The ordinary bursting-diaphragm type of shock tube 
comparatively simple and inexpensive to construct and can be 
or studying thermal emission spectra up to very high 
temperatures in excess of 10,000°K can readily be 
ined in the region of the shock reflected from a flat end of a 
cylindrical shock tube, and even higher temperatures, to perhaps 

18,000°K, can be obtained in shock tubes of special shape. 

Our observations indicate that there are considerable differences in 
the spectra excited in shock tubes from those obtained in electrical 
discharges through gases; in the latter, there will be considerable 
departures from equilibrium and excitation may be mainly by colli- 
sions with electrons moving with more than thermal energies. Shock- 
tube spectra are likely to be of especial value for comparison with 


stellar spectra as the temperatures are of the same order. Studies of 


emission from shock tubes may also be of direct interest in connex- 
with similar emission from shock waves formed in high- 
altitude supersonic flight. In the shock tube, the experimental gas is 
ted extremely quickly to a high temperature and then, apart from 
cooling losses, remains at this temperature until quickly 

->d by the overtaking rarefaction wave, or, in observations from a 

side window, until the hot experimental gas is quickly replaced by 
the flow of cool driver-gas. The system appears to be a gocd one for 


testing various spectroscopic methods of measurement of very high 
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temperatures, such as those used for stellar work. Also, immediately 
behind the shock front there are indications of delays in equi- 
partition of energy, internal vibration and electronic excitation taking 
longer than translational and rotational degrees of freedom. Time- 
resolved studies of emission spectra in and behind the shock front 
may give information about both the relaxation times and the actual 
processes of excitation. 

The object of the present communication is to summarize recent 
work on spectra from shock tubes, including our own experimental 
results, and to indicate the future possibilities of shock tubes for 
spectroscopic studies. 

SHOCK-TUBE DESIGN 

Early work on bursting-diaphragm shock tubes was carried out by 
PAYMAN and SHEPHERD (9). The simple form consists of a long 
cylindrical tube divided into two sections by a thin diaphragm 
The two sections are usually of unequal length, perhaps in the ratio 
of about one to three. The shorter section is filled to relatively high 
pressure with the driver gas, and the longer section with the experi- 
mental gas at relatively low pressure. The strength of the shock wave 
depends on the pressure ratio across the diaphragm, the ratio of the 
speeds of sound in the driver and experimental gases, and on the 
effective specific heat of the experimental gas at high temperature. 
The hottest shocks are thus obtained with a light driver gas, usually 
hydrogen or helium, and a heavy monatomic experimental gas such 
as argon or xenon. To obtain a high pressure ratio, the pressure of 
the experimental gas is usually reduced to a few millimetres of 
mercury, while the driver gas is normally at a few atmospheres 
pressure. To obtain the highest temperatures, experiments have been 
made with an explosive oxy-hydrogen mixture at high pressure. With 
polyatomic experimental gases, the thermal dissociation and high 
specific heat seriously limits the temperature, but high temperatures 
can still be attained by using a mixture of a fairly high proportion of 
monatomic gas, usually argon, with the polyatomic experimental 
gas (0). 

In our recent experiments we have used a shock tube with the 
low-pressure section 5 ft long and the high-pressure section 18 in. 
long, the tube being made of electrolytic copper of wall thickness 
} in. The diaphragm is held between O sealing rings. The tube is 
24 in. diameter, and has a number of quartz side windows. The end 
can either be closed with a flat copper plate to produce a strong 
reflected shock, or it can be fitted with a dump chamber which 
prevents reflection. Our usual working pressure is 100 Ib/in® for the 
driver gas and between 3 and 20 mm Hg for the experimental gas. 
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A shock tube of similar dimensions with the low-pressure side of 
stout Pyrex glass has also stood up satisfactorily to preliminary 
tests. 

In early work by PAYMAN and SHEPHERD (9) thin copper dia- 
phragms were used. Cellulose acetate is now widely used, but in 
early work (6) difficulty was experienced both from excitation of the 
spectra of impurities such as Ca lines, and with cleaning the sticky, 
partly fused bits of cellulose from the walls. Annealed aluminium 
appears to be a more suitable material. By mounting the tube ver- 
tically, the bits fall back out of the experimental section. For cellu- 
lose, it is possible to use a stabber to prick and burst the diaphragm 
at any required instant, but aluminium does not burst under these 
conditions and merely punctures. However, we have found the 
bursting pressures very reproducible, at about 100 5 Ib/in*® for 
a 0-006 in. diaphragm. With an opaque diaphragm, such as Al, it is 
possible to use a beam of light, which becomes visible to a suitably 
placed photocell as the diaphragm bursts, and triggers a cathode-ray 
oscillograph 

Using the reflected shock, the light flash from a few gases (A, Ng, 
CO, C,H,) is sufficiently bright to be recorded photographically from 
a single flash using a fairly fast spectrograph (e.g. Hilger Raman 
spectrograph E 517/8 with quartz or glass optics. For other gases, it 
is necessary either to build up a heavy exposure by using a number of 
superposed flashes, or else to dilute with excess of argon. Such 
photographs give a time-integrated record of the spectrum 

For studying the variation of spectrum with time, a high-speed 
rotating drum camera has been used (4, 10). We have employed 
two photomultipliers set on different spectrum lines and a double- 
beam oscillograph to compare the time history of light emission of 
two lines. For these short-duration flashes of high intensity, the 
photomultiplier is more sensitive than the photographic plate, and 
we have been able to study the rather simpler time history of spec- 
trum lines emitted from the gases heated by the primary shock, the 
formation of a reflected shock being prevented by the dump cham- 
ber; it is not, however, possible easily to study the widths or tem- 
perature shifts in wavelength of lines with the photomultiplier. 


EXCITATION OF LINE SPECTRA 
The various metallic line spectra are readily excited, and indeed 
impurity lines of various elements (Na, K, Ca, Ba, Fe, Al, Cu, 
Hg) are very troublesome. Difficulties initially experienced with a 
brass tube or a Pyrex-lined tube were largely overcome by having the 
tube silvered, but a tube of electrolytic copper is now found to be 
satisfactory. 
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The Balmer lines of hydrogen appear readily in reflected shocks 
through hydrogen-argon mixtures. They also occur normally in 
shocks through apparenfly pure argon; ResLer, LIN and KANTRO- 
WITz (11) attributed this to admixing of the hydrogen driver-gas near 
the interface, but our time-resolved spectra indicate that it is due 
to residual impurity in the argon. Photographs of the reflected shock 
spectrum show that these Balmer lines are very wide (of the order 
50 A); for H, there is sometimes an indication of a dip in the centre 
of the line; beyond H, the broadening is so great that the lines be- 
come lost in the continuous background. This broadening is due to 
the high temperature and results from the perturbation of the energy 
levels by the fields of neighbouring charged particles in the highly 
ionized gas. This broadening is shown in Fig. la. Formulae de- 
veloped by Verwels (12) from the Holtsmark theory of line broaden- 
ing lead to a relationship between line breadth and ion concentration. 
If the gas pressure is known, a Saha relationship can then be used 
to deduce the gas temperature. With a primary shock through argon 
of Mach number 8, the line breadth in the reflected shock is con- 
sistent with a gas pressure of about 4 atm and a temperature of 
12,000°K. This line broadening would appear to be a sensitive 
measure of temperature in the range 7000-12,000°K; at higher 
temperatures, ionization ts nearly complete and, as the ion concen- 
tration is then proportional to gas density, at constant pressure it 
should therefore decrease again with increasing temperature. 

It is also possible to excite the line spectra of rare gases in shocks 
of sufficient strength. HOLLYER ef a/. (3) obtained the spectrum of 
Xe and PeTscHeEK ef a/. (4) that of argon. These lines are broadened 
and displaced to longer wavelengths by the high temperature. and 
consequent ionization of the gases; for argon this displacement is 
of the order 4 A and has again been used by PETSCHEK ef al. to 
estimate the temperature. We have also observed argon lines (some 
are present on Fig. la), but our dispersion has been too small 
accurately to measure the shift 


MOLECULAR EMISSION SPECTRA 

The spectra of the more permanent gases are not readily excited 
by purely thermal means. However, we have recently (8) obtained 
photographs of spectra of the reflected shocks through a number of 
gases, and mixtures of gases with argon. Oxygen shows the Schu- 
mann-Runge’ bands in the near ultra-violet and blue; owing to the 
high temperature the rotational structure is very extended and the 
band heads are difficult to locate. 

Nitrogen shows the Second Positive and First Negative (N,) 
systems (Fig. le); the presence of the First Positive bands in the red 
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and orange has not been positively confirmed (Rose (10) in his dis- 
cussion of the emissivity of air assumed that they would be present). 
Shocks through air or argon—air mixtures give the N, bands and the 
NOy bands in the further ultra-violet. The yellow-green continuum 
produced by reaction of NO and atomic oxygen, which is such a 
strong feature of the air afterglow, has not been observed. This con- 
tinuum depends on bimolecular association processes of rather low 
probability, and it is not surprising that it is weak compared with 
processes of thermal emission at a very high temperature. 

Shocks through CO or CO/A rather surprisingly show strong C 
Swan bands (Fig. Ic). The usual strong Angstrom and Third Positive 
systems of CO have not been detected at all, despite careful scrutiny 
of our plates. The Fourth Positive System, the resonance system of 
CO, in the region below 2500 A is present but quite weak. Spectra 
from CO,/A are similar to those from CO. The CO-flame spectrum, 
which is believed to be emitted by CO, (13) and is such a strong 
feature of the spectrum of detonating explosions, is not observed. 
This supports other evidence that the emission of CO flame bands 
is a chemi-luminescent effect. 

Shocks through water vapour show the OH bands near 3064 A. 
These bands are also present in many other sources containing 
moisture as impurity, especially in shocks through O,. When moisture 
or a little hydrogen is added to a CO/A or CO,/A mixture, the CH 
band at 4315 A appears weakly (Fig. 1d); this is consistent with other 
evidence (13) for the reaction 


> 
> 


C, + OH = CH + CO. 


NICHOLLS and PARKINSON (7) have shown that it is possible to 
excite the spectra of many metallic oxides (AlO, Ti0, CrO, BaO and 
FeO) by placing the powdered oxide near the window at the end of 
a shock tube; they used helium as driver gas, and the shock wave was 
carried by argon. It is interesting, in view of recent work on the 
spectra of alkaline-earth oxides and hydroxides (14-16), that they 
did not obtain bands of CaO or SrO. For magnesium, the green 
bands of MgO appear, but the violet bands whose emitter is in some 
doubt were not reported. The spectrum of a powdered meteorite 
was also examined in this way. 


EXCITATION PROCESSES 
The difference between the spectra of some gases excited in an 
ordinary discharge tube (Geissler tube) and those from the shock 
wave is very striking. Thus low-pressure discharges never show the 
Schumann-Runge bands of O,, these being obtained only in rather 
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special sources such as high tension arcs at or above atmospheric 
pressure. The difference in spectrum is particularly striking for CO, 
the Angstrom and Third Positive systems being among the easiest to 
excite in discharge tubes and a persistent impurity in all discharge- 
tube spectra (17), whereas the C, bands are only obtained from dis- 
charge tubes under rather special conditions, e.g. with a condensed 
discharge. 

Although most spectroscopists are very familiar with spectra 
excited in an ordinary discharge tube, it seems that this is in reality 
rather a peculiar source, in which there are large departures from 
thermal equilibrium. Vibrational and rotational temperatures tend 
to be relatively low in discharge tubes, but excitation is by collisions 
of electrons which have an abnormally high concentration and high 
non-thermal velocities. 

In the region away from the shock front itself, we may expect good 
equilibrium conditions in shock-heated gases. The spectra observed 
are probably basically similar to those in the King furnace, but, 
whereas the furnace temperature is limited by the melting point of 
refractories and rarely exceeds 2500°C, the shock tube can give us 
very much higher temperatures, and with relatively simple equip- 
ment. The ready excitation of TiO, C, and CN, and failure to bring 
up oxide bands of Ca, indicates an obvious similarity to stellar 


—! 
200 + 300 400 
Contact 


Time, usec 
surface ‘''"e, #SEC 


Fig. 2. Intensity vs. time traces, based on C.R.O. records, for a primary shock 

wave, Mach number 7-9, p,, about 78, through argon containing a trace 

(< 0-01 per cent) of benzene. This shows the Swan bands of C,, the 2537 A line 

of Hg, the sodium D lines and the OH band at 3064 A. The calculated time of 

arrival of the contact surface is marked. Times refer to C.R.O. traces; particle- 
history times are longer by a factor of nearly 4 
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spectra, and shock tubes should be a particularly valuable tool for 


the astrophysicist 
Our time-resolved spectra of the primary shock front indicate that 
, bands in the green are emitted from the front, but that lines of 
her impurities (Na, Ca, Cu) start some while after passage of the 


and reach their maximum intensity quite late (see Fig. 2) 
mpurities are probably scrubbed from the walls as the shock 
ve passes and are not brought into the very hot gas stream until an 
ippreciable time after the passage of the front. There may also be a 
ig the dissociation of metallic compounds to form free metallic 
[hese metallic impurities have, in general, much lower 
the rare gases and it seems that some re- 
yn may be due to this time lag in scrubbing 
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The mercury resonance line A 2537 (4S,—®P,) is present in primary 
shocks through argon saturated with mercury vapour at room 
temperature, and comparison of the time-records for Hg and C, (see 
Fig. 2) shows that the Hg, although starting at the front, rises rela- 
tively slowly to its maximum and is maintained near this maximum 
emission until quenched by the driver gas. In this case, the mercury, 
unlike the other impurities, is present in the gas phase. 

Theoretically, a few collisions should be sufficient to establish 
thermal equilibrium behind a shock front through a monatomic gas 


intensity (arbitrary units) 


~ 0 2001 300 400 
Contact 


surface Time, psec 


Fig. 3. Intensity vs. time traces for a primary shock wave, Mach number 7-9, 
Po about 78, through argon containing | per cent carbon monoxide, for the C, 
bands and the copper resonance lines 3248 and 3274 A. The calculated arriva 
time of the contact surface is indicated. The preliminary small maximum in the 
C, record is probably due to residual impurity (benzene, etc.) as it varies from 


trace to trace 


like argon and the temperature, and hence the radiation, should 
remain sensibly constant from the time of passage of the shock front 
past the window until that of the interface between driven and driver 
gas. Rost (10) noted the sharp peak in emission in the front for 
shocks through nitrogen and attributed the effect to delayed relaxa- 
tion of the dissociation processes. For the present work in monatomic 
argon, containing only small traces of benzene, this cannot be the 
explanation since the amount of benzene its insufficient to affect the 
temperature. The strong C, and CN emission in the front and the 
delay in Hg excitation must be due to some other form of dis- 
equilibrium. The delayed excitation of Hg indicates that collisions 
with a monatomic gas are comparatively inefficient in producing 
electronic excitation of the Hg; this supports observations on the 
relatively inefficient quenching of mercury fluorescence by argon 
The formation and excitation of C, and CN from argon containing 
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es of benzene and N, must be very rapid, but the reason 


maximum near the front ts still not clear. KANTRO- 
suggested that rapid forward diffusion of electrons 
this could perhaps modify excitation processes 
of the slow excitation of Hg, it seems more pro- 
abnormal emission from the front is due to some 


librium during the rapid decomposition of benzene 
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continuous or broadly banded absorption spectra have enabled the 
dissociation of N,O, (20), and I, (21) to be studied. 

ATEN and GREENE (22) used a carbon arc as background source and 
a mechanical shutter to study the absorption during carbon forma- 
tion in acetylene by shock of moderate intensity, giving tempera- 
tures in the 900-1700°K range. For hotter shocks, a synchronized 
flash tube is the best way of studying the absorption spectrum. 
CAMPBELL and JOHNSON (23) have shown that moderate heating of 
benzene of acetaldehyde causes the banded absorption to be replaced 
by continuum. The technique appears to enable such spectra to be 
extended some way into the temperature region where such com- 
pounds would be unstable if heated for longer times. At higher 
temperatures, the decomposition can be studied and CAMPBELL and 
JOHNSON have found C,, CN and CH absorption increasing with 
intensity during the decomposition of acetaldehyde, but OH only 
present during the first stage of decomposition. Similarly, flash-tube 
absorption studies of shock-initiated explosions of benzene or pro- 
pane with oxygen show strong persistent OH absorption but C, 
and CH (3143 A band) absorption only for the first 20 usec. While 
the techniques for studying absorption spectra are rather less simple 
than those for emission spectra, because of the need for timing 
devices and short-duration flashes giving continua, the method 


again seems capable of giving much useful information 
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THE ULTRA-VIOLET AND INFRA-RED 
ABSORPTION SPECTRA OF THE 
METHYLBIPHENYLS: A PRELIMINARY 
ANALYSIS 


by 


. 


G. H. BEAVEN* and E. A. JOHNSON* 


National Institute for Medical Research 
Mill Hill, London, N.W.7 


THE BIPHENYL structure (1) is one of the simpler types of molecule in 
which the effects of changes in conjunction of two directly-bonded 
aromatic rings on the electronic absorption spectrum may be studied. 
These changes may result from steric hindrance between appropri- 
ately located substituent groups affecting the angle between the 
planes of the individual aromatic rings. 


Me 


(Il) 


In biphenyl the sterically-sensitive positions are the four ortho 
ones, designated 2, 6, 2’ and 6’. The effects of progressively intro- 
ducing substituents into these positions are most conveniently 
studied with alkyl groups, preferably methyl, as these substituents 
have the least perturbing effect on the electronic absorption spectrum 
of the parent biphenyl! chromophore, and their auxochromic proper- 
ties in the benzene chromophore are also well known (1). 

Alkylbiphenyls are of interest as constituents of petroleum (2), 
and may arise from the desulphurization of alkyldibenzthiophenes, 
which also occur in petroleum (3). Ring systems deriving from bi- 
phenyl also occur in some natural products, e.g. the morphine 
alkaloids, which have been the subject of recent structural studies (4). 
The influence of ortho substituents on free rotation about the 1—l’ 
bond determines the rate of thermal racemization of optically 
active biphenyls; kinetic studies of this process in a wide variety of 
resolvable biphenyls constitute an important aspect of modern 
stereochemistry (4a). 

* Present address: Medical Research Council Laboratories, Holly Hill, 
Hampstead, London, N.W.3. 
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The classic example of the effect of complete methyl substitution 
in the four ortho positions on the ultra-violet absorption spectrum 
of biphenyl is the 2:4:6:2':4':6' symmetrical hexamethyl derivative, 
bimesityl (II). The spectrum of this compound (Fig. 1, Table 3) was 








| 


i 
220 240 260 280 3 
A, mye 








Fig. 1. Bimesityl and bipheny] 


shown by O’SHAUGHNESSY and RODEBUSH (5) to be comparable, 
especially in the 250-290 my region, with that expected for two mole- 
cules of the corresponding 1:3:5-trimethylbenzene (mesitylene) 
absorbing additively; the intense conjugation band (located in 


biphenyl itself at 248 my, «,,,,17,000 (Table 1)) was not evident in 
bimesityl. This work was published in 1940, just at the time that the 
importance of coplanarity as a condition for maximum conjugation 
in linked systems of olefinic or aromatic double bonds was being 
emphasized by PAULING (6) and others. Large effects of ortho 
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substituents on the ultra-violet spectrum of biphenyl had been re- 
ported by earlier workers, but without acceptable explanations. 
In 1939 CALVIN (7) explicitly suggested that the ultra-violet ab- 
sorption spectra of biphenyls could be used as a criterion of restricted 
rotation about the 1—I1l’ bond, due to steric hindrance between 
ortho substituents. PAULING (6) pointed out that in biphenyl itself 
the steric interference between the ortho must determine the actual 
degree of conjugation between the phenyl groups. This conclusion 
is supported by electron-diffraction evidence (8) that the effective 
interplanar angle in biphenyl is ca. 45° and that the length (ca. 
1-48 A) of the I—1’ bond corresponds to about only 10 per cent 
double-bond character; further discussion of the relevant literature 
was published elsewhere (9). 

Many studies of the ultra-violet absorption spectra of alkyl- 
biphenyls have been reported; one of the most recent is that of 
BRAUDE and Forses (10), who considered the conjugation bands of 
the 2-alkylbiphenyls with particular reference to steric hindrance and 
interplanar angles. Everitt ef. a/. (10a) have discussed several 
2:2'-dialkylbiphenyls. There have been no recent systematic studies 
of the complete ultra-violet absorption spectra of the methylbiphenyls 
generally and for the present work many new compounds have been 


synthesized (11). Because of the marked effects of ortho methyl groups 
on both the positions and intensities of the various absorption band 
systems of the biphenyl chromophore, high purity is essential if the 
results are to have quantitative significance. In this connexion control 
of purity by vapour-phase chromatography proved to be particulariy 
valuable (12). 


The effect of a single methyl group in either the 3 or 4 position of 
biphenyl is small (Table 1) and consistent with the effect of methyl 
groups on the other aromatic chromophores; the greater increase in 
intensity of the conjugation band caused by a 4-methyl group ts 
presumably due to hyperconjugation participating in the overall 
conjugation through the |—1’ bond (in this connexion however, 
compare BURAWOY and SKINNER (13) on the comparable effects of 
a 4-fert.-butyl group, which we have confirmed). A single methyl 
group in the 2 (ortho) position, however, causes a marked reduction 
in intensity and a blue shift of the conjugation band, accompanied 
by the appearance of a poorly resolved, low-intensity long-wave 
inflexion (Fig. 2, Table 1). The absorption at the ca. 220 my mini- 
mum is nearly doubled because of the blue shift of the conjugation 
band. It is of interest that the short-wave bands at ca. 200 my of the 
three monomethylbiphenyls are of comparable intensity with that of 
bipheny! itself 


The various effects seen in the unhindered monomethylbiphenyls 
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are also evident in greater degree in the 3:3’ and 4:4’ symmetrical 
dimethylbiphenyls (Fig. 3, Table 1). Thus the small red-shift of the 
conjugation band in 3-methylbipheny! is approximately doubled in 
the 3:3'-dimethyl derivative and does in fact increase again in 
3:5:3':5'-tetramethylbiphenyl while the intensities do not decrease 


Fig. 2. Bipheny! 

-Dimethylbipheny! 
-Dimethylbipheny! 
-Dimethylbipheny! 


further with the increased substitution. Broadening of the band is 
also characteristic of 3(5)-substitution. With 4-substitution both the 
red-shift and intensity increase appear to be cumulative, and while 
the band is not greatly broadened a slight inflexion on the longwave 
side is detectable in 4:4’-disubstituted biphenyls. The spectrum of 
the 3:4’-dimethyl compound (Table 2) is also consistent with this 
general pattern 

In 2:2'-dimethylbiphenyl, however, the effect of a second ortho 
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substituent is very striking (Fig. 3, Table 1). The conjugation band is 
further shifted to shorter wavelength as an unresolved inflexion. 
heavily overlapped by the more intense band system at ca. 200 my; 


10° ieenenentieinieeateiiniaiais 
= 


The 
2,(6)-substituted 
methy! biphenyls 


107 ri r 
200 220 240 
A, 


Fig, 3. The 2,(6)-substituted methylbiphenyls 
Bipheny! 
2-Methylbipheny! 
:6-Dimethylbipheny! 
:2’-Dimethylbipheny! 
°6:2’-Trimethylbipheny! 
:6 :2°:6’-Tetramethylbipheny| 


the long-wave absorption feature is now a definite band of low 


intensity with characteristic just-resolved benzenoid fine-structure 
(47 ca. 600 cm~'). 


The effects of progressive introduction of methyl groups into the 
remaining ortho positions are shown in Fig. 2. The 2:6-dimethyl 
derivative is significantly different, especially at long wavelengths, 
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from the 2:2’-dimethyl derivative. The differences in long-wave fine- 


structure can be interpreted in terms of the substitution asymmetry 
of the 2:6-dimethyl compound, by reference to the relevant methyl- 
benzenes. The similarity of the spectra at shorter wavelengths sug- 
gest that the degree of conjugation is not greatly different in these 
two isomers. In the 2:6 isomer the steric interactions are exclusively 
between Me and H (twice), while in the 2:2’ isomer the interactions 


Me Me Me Me 


\ 


(y)\ 


\ @ 


~370- ; 2 ~ 200 om oi 


Fig. 4. Long-wave ultra-violet absorption spectra of alkylbiphenyls with one or 
two ortho methyl groups 
(1) 2:3-Dimethylbipheny! 
(2) 2:4-Dimethylbipheny! 
(3) 2:5-Dimethylbipheny! 
(4) 2:3:2':3’-Tetramethylbiphenyl. 
(5) 2:4:2':4’-Tetramethylbipheny]. 
(6) 2:5:2°:5’-Tetramethylbipheny! 


are either Me/Me and H/H, or Me/H (twice), depending on whether 
the most stable configuration of the molecule is “cis” or “trans” 
about the 1—1’ bond with respect to the methyl groups; this point 
has been discussed elsewhere for the 2:2’-dihalogenobiphenyls (9). 

The 2:6:2’-trimethyl and 2:6:2':6'-tetramethylbiphenyls (Fig. 2, 
Table 3) show progressive development of the long-wave band, and 
increasing blue-shift and reduction in intensity of the conjugation 
band, until in the tetramethyl derivative it is completely overlapped 
by the short-wave band system. The increased intensities of the short- 
wave band in these two compounds is noteworthy; it is presumably 
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related to the large red-shifts of the short-wave (ca. 185 my, «,,... 
ca. 53,000) benzene band (14). 

The principal effects of introducing both ortho and non-ortho 
methyl groups into the benzene chromophore can be seen in the data 
for the unsymmetrical dimethyl derivatives (Table 3) and the more 
heavily substituted derivatives (Table 3). Closer inspection of these 
results reveals many interesting differences between individual com- 


Me Me Me Me 





» Mp 


Fig. 5. Decamethylbipheny! and hexamethylbenzene (2 moles) 


pounds. Thus, among the dimethyl compounds containing a 2- 
methyl group, the long-wave absorption characteristics of the 2:3, 
2:4 and 2:5 derivatives are quite different (Fig. 4). The same differ- 
ences are even more evident in the spectra of the corresponding 
symmetrical tetramethylbiphenyls. It is clear from these examples 
that although two ortho methy! groups are sufficient to give rise to 
give a definite long-wave band, its intensity, fine-structure pattern 
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and separation from the conjugation band are also dependent on 
the additional substitution of the phenyl groups. To some extent, 
differences of the type shown in Fig. 4 can also be seen in the spectra 
of the corresponding alkylbenzenes. Such analogies are not entirely 
adequate, however, as four of the compounds shown in Fig. 4 all 
involve 1:2:4 substitution symmetry 

In Fig. 5 the completely methylated derivative, decamethylbi- 
phenyl, 1s compared with the completely methylated benzene; the 
extinction coefficients for the hexamethylbenzene spectrum are for 
2 moles. In both these compounds the effective substitution sym- 
metry of the phenyl groups are identical. The long-wave bands of 
both compounds are strikingly similar with respect to both location 
and fine-structure. In particular, the alternating definition of the 
frequency intervals are practically identical. Both compounds show 
1 marked inflexion at ca. 220 my and resolved maxima of very high 
intensity (ca. 80,000 for decamethy! biphenyl; compare the poly- 
methylbenzenes at 200 my (14)). 

Despite the qualitative similarities between these two compounds, 
the extinction coefficients of decamethylbiphenyl are consistently 
higher down to 207 my where the spectra cross. The ratio epp/2€ump 
is greatest (ca. 12) in the 240-245 my region, and it is this additional 
absorption in the biphenyl which is responsible for the partial 
filling-up and shift to longer wavelength of the characteristic low- 
intensity minimum located at ca. 240-250 my in alkylbenzenes 
generally. The same effect can be seen in the other biphenyls con- 
taining four ortho methyl groups (Table 3) 

A molecular model of the space-filling type, using accepted bond 
lengths and van der Waals’ radii, indicate that biphenyls with four 
ortho methyl groups are highly hindered with a large interplanar 
angle (@), probably exceeding 70°. If, as is believed, the dependence 
of the interaction between the rings and the interplanar angle follows 
a cos 6 or cos* @ law (15, 16), then in such compounds the conjuga- 
tion due to z-orbital overlap must be very small. The additional 
absorption in the 240-245 mu region shown by decamethylbipheny), 
etc., therefore provides some evidence in support of the theoretical 
analysis of LONGUET-HIGGINS and MURRELL (17) that electronic 
transitions involving both phenyl groups in biphenyls can occur by 
an interaction process that is apparently independent of the co- 
planarity condition 


Infra-red Absorption Characteristics 

In their survey of infra-red spectra of polynuclear aromatic 
compounds CANNON and SUTHERLAND (18) give a list of distin- 
guishing features for the biphenyl system. Many of these, however 
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would apply to alkylbenzenes, and Jones and SANDorRFy (19) have 
pointed out that substituted benzene bands can be recognized in a 


large number of complex compounds containing benzene rings, 
ncluding biphenyl. This appears to be generally true for alkyl- 
substituted biphenyls throughout the region from 650 cm 
4000 cm~! 


to 
Ihe only band apparently characteristic of the biphenyl 


structure which appears consistently is the very sharp one at 1010 


lor analytical purposes is greatly reduced 
>) substitution reduced its intensity « from ca. 50 
yidipner yi appears to be an exception to this 
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rule): naturally occurring compounds containing the biphenyl 
structure frequently appear to be substituted in the 3(5) positions 
(2, 3). 

The present analysis (Table 4) is based on the spectra of about 30 
alkylbiphenyls and can be considered only as a guide which may 
well fail in specific cases. A number of the features listed in this table 
may be observed in the infra-red spectra of the three selected com- 
pounds shown in Fig. 6. 
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OPENING REMARKS 


The Chairman—Ladies and Gentlemen, I was not quite certain 
why I was invited to take the Chair this afternoon but I suppose 
the main reason was because in 1921 we started experimental infra- 
red work in this country. 

In 1921 I was rather impressed by the spectroscopic work which, 
of course, started by the astronomers, was being carried out in 
Germany, and I thought it would be a good idea to do something 
like that in the University of Cambridge. 

I was also at the time very intrigued by what is called Lindeman’s 
melting point formula, that there was a relationship between the 
vibration frequency and the melting point, and I said, ““Now what 
about rhombic and monoclinic sulphur, they should have at least 
some different vibration frequencies if there is anything in this 
melting point relationship. So we decided we should embark upon 
an infra-red analysis of sulphur, and Professor Taylor, who is now 
Professor of Physics in Southampton, started on the problem. 

We had to make our own galvanometers; we had to make our own 
Mu-metal shields, and we had to mount the thing on tennis balls. 
Even with those great precautions it took about three years to run 
through the spectrum of sulphur. The main reason was that one could 
not work in the day-time, and at night-time, when things were very 
quiet at eleven o’clock, there was an express train—or so-called 
express train—which went through Cambridge and it whistled, and 
that started the galvanometer on its curious and erratic behaviour 
for two or three hours. 

Having accomplished sulphur, Dr. Rawlins, who is now, as you 
know, in the National Gallery, was interested in the structure of the 
two forms of calcium carbonate, and we did a little about that. 

We then got a little more ambitious and started on a gas. We 
thought nitric oxide was rather a pleasant gas because it had P, Q and 
R branches, and so on, which are now commonplace, but at that 
time things were rather different. 

Dr. Snow, after having ventured on nitric oxide, decided that he 
would turn the rest of his life to literature, and doubtless many of 
you have read with pleasure a good number of his books, especially 
those about my own University. 

After that, the Director of the National Physical Laboratory, 
Dr. Sutherland, thought it would be rather important to do some- 
thing on the question of isotopic shifts. This as far as I am concerned, 
is the history of the early development of infra-red work in this 
country. Of course, it is now, one is glad to see, such a universal 
development that a meeting of this size can be got together to discuss 
some of the more recent topics. 
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RECENT ADVANCES IN INFRA-RED 
INSTRUMENTATION 


by 


~ 


S. F. D. Orr 


Perkin-Elmer A.G., London 


SUMMARY 

The need of the chemist for a routine **bench” instrument has resulted in the 
development of low-cost, easy-to-operate, double-beam spectrophotometers 
These also offer the opportunity of extending the teaching of infra-red methods 
and principles to a wider circle 

Special filters and filtering techniques have allowed the incorporation of 
diffraction gratings in spectrometers without the use of a fore-prism. This has 
led to two important results: the development of simple monochromators of 
high performance and the ready extension of the wavelength range of infra-red 
measurements to 200 ». The prism-grating combination, however, is likely to be 
further developed as a routine wide-range instrument, especially in the measure- 
ment of band shapes and intensities, for the higher dispersion should minimize 
the effect of spectral slit width in these directions. It should also allow easier 
transfer of intensity data in quantitative analysis, although it is suggested that 
this problem would be eased, even with existing equipment, if a suitable intensity 
Standard could be found 

The application of scale expansion methods to trace analysis is described; the 
development of infra-red microspectroscopy and sampling techniques is also 


disc ussed 


INTRODUCTION 


No CHEMIST can afford to disregard the results of any physical 
method of examination. Infra-red spectra have two properties, 
however, which make their study of particular importance. Firstly, 
the spectrum of a compound is so characteristic a$ to give it the 
description “‘finger-print’’, thus giving rise to numerous applications 
in qualitative and quantitative analysis. Secondly, the spectrum can 
be related directly to the structure of the compound, in terms of its 
constituent groups, and thus gives structural information to the 
chemist. 

The applications of the technique in these directions have been 
very numerous; that in itself has had an effect on instrument de- 
velopment. In addition, however, the measured spectrum gives almost 
immediate applied information and this has brought the chemist 
interested only in that information much nearer to the instrument 
designer. A very great influence on instrument design has been 
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produced thereby. This review will be concerned mainly with the 
changes in instrumentation brought about under this influence, 
that is, it will describe the developments which are taking place to 
extend these applications of infra-red spectroscopy even further. 


THE SIMPLE PRISM INSTRUMENT 


The need of the chemist for an instrument that would give him the 
spectrum in a form from which he could quickly make his analytical 
or structural deduction led to the rapid development of the double- 
beam recording spectrophotometer. In order to cover as many appli- 
cations as possible, the highest performance and greatest versatility 
of operation possible has been given. These instruments are therefore 
necessarily expensive and somewhat complex, and because of this 
they are usually operated in a special infra-red laboratory to which 
the chemist must bring his problem. Time is lost and for a large part 
of the work the full performance of the instrument and the special- 
ized knowledge of the spectroscopist are not required. 

It was inevitable, therefore, that efforts should have been made to 
produce simple instruments at a low cost, and yet of adequate 
performance. During the past year, three manufacturers have 
announced such instruments; the Baird KM-1, Beckman IRS and 
Perkin-Elmer 137 are all double-beam instruments, while the Beck- 
man IR6 is a single-beam one. A few of the characteristics of one 
of these instruments will show how the simplicity of operation and 
low cost have been balanced against performance. 

The double-beam principle gives data free of atmospheric absorp- 
tion, improves the instrument reproducibility and permits differen- 
tial absorption. The slit programme and speed are preset so that 
operation is by a single switch; the slit can be further opened manu- 
ally, however, for differential absorption work. All non-planar 
optics are aspherical so that maximum performance is achieved in 
an instrument which requires a bench area of only 27} 17 in. 
The spectrum from 2:5 u to 15» is scanned in 12 min, with a resolu- 
tion of about 0-05 » throughout and a signal-to-noise ratio of better 
than 100. The chart paper is 83 11 in. and the spectrum is 
presented with an ordinate of 100 mm and an abscissa of 250 mm. 

It is important to understand both the usefulness and the limita- 
tion of this type of instrument. Its simplicity and rugged construction 
mean that it can be operated by anyone and used in the chemical 
laboratory itself. These features, together with its low cost, should 
also enable it to be used for teaching purposes. Furthermore, the 
teaching can be concentrated on explaining the technique and its 
applications rather than giving mere instructions on how to operate 
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the instrument. There is a real need for this type of training so that 
the potentialities of the method are fully realized and that they may 
be achieved in practice. For certain applications, however, this type 
of instrument will prove inadequate, either because of its limited 
range, too low resolution, or reduced accuracy, and in these cases a 
larger, more versatile instrument will be essential. The fixed con- 
ditions of the simple instrument are one of its essential features, 
although an obvious development is that separate instruments be 
fitted with other prisms, such as potassium bromide or calcium 
fluoride. 
GRATING INSTRUMENTS 

Although it had always been realized that much higher resolution 
was possible with diffraction gratings than with prisms, their use, 
until recently, has been restricted to specialized instruments designed 
solely for high resolution studies in the gaseous phase. There were 
three reasons for this. Firstly, the gratings themselves were very costly 
to produce; secondly, the need of a fore-prism to separate the orders 
made the instrument complex and further increased the cost; and, 
finally, the resolution given by prism instruments seemed adequate 
for most chemical purposes. 

None of the reasons is any longer valid, but the first change came 
on the instrumental side. The development of special ruling and 
replica techniques at the National Physical Laboratory (1) has 
produced gratings of high quality at very low cost, and conventionally 
ruled gratings have also become readily available from the Bausch 
and Lomb Optical Company. Equally important, the production of 
special filters, especially F-centred alkali halide crystals (2), has al- 
lowed the separation of orders to be carried out without a fore- 
prism. For any given filter, such an arrangement has only a limited 
range, but there are circumstances where this is sufficient or where a 
succession of filters can be used. 

The high dispersion of the grating means that good resolving 
power is still achieved even when using simple slits and spherical 
mirrors. GAUNT (3) has described such an instrument, specifically 
designed for the analysis of heavy water from the HOD band at 
2-946 «; by changing the filter, however, spectra were obtained over 
the range I-11 « (2). The possibilities of this type of instrument have 
been well illustrated by Sayce and JACKSON (4), while a commercial 
model to cover the 3 » region has been produced by Mervyn Instru- 
ments, Limited 

Using the high-quality optics of a standard prism instrument, 
however, a grating makes much higher resolution possible (2, 5, 6, 7). 
Lorp and McCussin (7), with a number of gratings and a variety 





RECENT ADVANCES IN INFRA-RED INSTRUMENTATION 89 


of filtering methods, have covered the range from 2:5 » out to 200 y, 
with a resolution of about 0-3 cm~? to 50 » and 1 cm~* beyond, and 
with an accuracy in many regions of as good as 0-05 cm~?. Their 
results have significance in two directions. Firstly, they have extended 
the range of infra-red measurements, for even with the somewhat 
rare CsI, prism instruments cannot go beyond 50 1». Secondly, they 
have shown that high resolution over the complete range can be 
achieved with these modern gratings in normal size monochromators 
and without the use of a fore-prism. 

One limitation of this type of instrumentation is that the grating 
cannot readily be used in higher orders. Apart from requiring a 
filter with a long wavelength cut-off to eliminate the lower orders, 
the short wavelength cut-off filters are not sufficiently sharp to 
eliminate the higher orders while transmitting a reasonable fraction 
of the required one. This limits their range; to achieve reasonable 
resolution, the gratings must be used relatively near their blaze 
angle, so that for a grating blazed at a wavelength A, the range is 
approximately 0-67-1-6 A in the first order. 

Another limitation is in the spectral impurity, especially for wave- 
lengths beyond about 4 uw. In this region, there will be much more 
radiation in the second and higher orders than the first, so that the 
filter’s efficiency in differentiating the orders will be insufficient. 
Some typical results are shown in Table 1. This relates to an F- 
centred KBr crystal with an Ebert-type monochromator and a 
grating of 3000 |/in. blazed at 8 u. The lowest spectral impurity is 
about | per cent and is achieved over a range of not more than A 
to 1-3 A, and this, moreover, lies in a region where the transmission 
in the first order is only about 20-30 per cent. For many applications, 
of course, quite a high degree of spectral impurity can be tolerated. 
It must also be remembered that even with prism instruments, es- 
pecially beyond about 12 » ,the elimination of stray light is a difficult 
problem. 

These two limitations mean that the filter-grating combination 
can never replace the present wide-range prism instrument. The 2-5 
15 ~« region could only be covered with two gratings; a succession of 
about eight filters would be required, and even this would allow 
spectral impurity of 1-3 per cent beyond 5 w. At this point, one must 
return to the old idea that the resolution of prism instruments, say 
5 cm~', was adequate for most chemical purposes in which only 
solids and liquids are studied. This view is no longer held, for it is 
now realized that the spectral slit width has a large effect on band 
shape and intensity down to quite narrow widths. 

Studies of the problem were made by PuiLports ef a/. (8), 
and by Ramsay (9), who showed that the absorption coefficient 
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decreased as the spectral slit width increased. Ramsay, by assuming 
a Lorentz shape for the absorption bands, calculated how the 
observed absorption band deviated from the true one. It will be 
scen from Table 2 that the deviations, except in the case of 
areas, increase very rapidly when the spectral slit width is greater 
than about 20 per cent of the true band width. Now values of 5 cm~! 
to 10 cm~? are usual for the latter, so that a spectral slit width of 
about | cm~' is essential in order to measure the true parameters of 
the absorption bands. THOMPSON (10) has shown that these calcula- 
tions do present a true picture of the situation, although they may 
need some correction in minor details. He has also shown that bands 
as narrow as | cm~! can occur, although these do not seem usual. 
As long as instruments have spectral slit widths in the range of 5 
cm~', not only will the measured absorption coefficient be much 
lower than the true value, but it will be very dependent on the exact 
spectral slit width, and thus on the adjustment of the instrument. 
Transfer of data from one instrument to another, even of the same 
make, is not possible, and the standard runs required in quantitative 
analysis must be repeated for every individual instrument. 

Absorbance measurements are made for two reasons: to give a 
concentration function for quantitative analysis, and to obtain a 
measure of the absolute band intensity for further structural correla- 
tions. At first sight, it might appear that measurement of band areas, 
which are much less dependent on spectral slit width, could solve the 
difficulties inherent in the use of apparent absorption coefficients. 
However, for quantitative analysis, the extra work involved in 
measuring areas, even with an automatic integrator (11), is a draw- 
back, and even more so is the fact that integrated intensities are 
much less specific than absorbances at a single wavelength. An 
instrument which will measure absorbance to within a few per cent 
of the true value should be most useful in this field. Furthermore, in 
correlation work, although band areas are undoubtedly the funda- 
mental intensity quantity, the band width is also important and can 
indeed provide valuable structural information (12). Further measure- 
ments of the intensities and widths of absorption bands will un- 
doubtedly yield much information of high structural import, but to 
be really valuable, these figures must be close to the true ones and 
independent of the instrumental slit width. 

There is, therefore, a definite need for a versatile high resolution 
spectrophotometer, with spectral widths not greater than about | 
cm~!. The fore-prism arrangement is essential and a start has been 
made with the introduction of the Grubb-Parsons G.S.2, and the 
Beckman IR7. In the former (13), for example, the spectrum is 
covered from 2 to 154 in four orders with a single grating, although 
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with two fore-prisms. The Littrow mirror of the fore-prism mono- 
chromator is geared to the grating drive so that they are always in 
phase. The changing of orders, necessitating the turning back of the 
grating, must be done by hand, as must the slit adjustment of the 
fore-prism monochromator, so that operation of the instrument is 
not as automatic as in the more conventional prism instruments. 
One of the standard, constant energy slit programmes gives a 
resolution of 1-2 cm~! over most of the spectral range. 

These instruments, apart from the grating replacing a prism, are 
essentially similar in other details to the prism instruments from which 
they have been developed. The use of a grating does, however, 
bring certain difficulties and opportunities which may necessitate 
quite major changes in other features of the design. Firstly, a more 
automatic system for changing the order of grating used seems 
desirable. Secondly, attention must be given to the speed of record- 
ing. If the extra information given by these high resolution instru- 
ments is to be recorded in a time reasonable to the chemist, of the 
order of 15 minutes, then recording methods will require to be 
speeded up. Even more fundamental is the possible use of these 
instruments to give very large signal-to-noise ratios at lower resolu- 
tion. This will permit greater quantitative accuracy, especially with 
scale expansion methods (see below). The limit with prism instru- 
ments is set by the increase in spectral slit width and consequent loss 
of resolution as the mechanical slit width is increased; with gratings, 
the limit is due to the mechanical slit width itself, so that a redesign of 
the optical system including source and detectors may be necessary. 

As far as really high resolution is concerned, the prism-grating 
instrument has been developed to a high state of perfection and 
spectral slit widths of about 0-1 cm~' have been obtained in a num- 
ber of laboratories (14-19). High-aperture optics, large-size gratings, 
and use of the very sensitive photoconductive cells have all played a 
part; in one case, a mosaic of four gratings, giving a total area of 
10 14 in., was used (19). At one laboratory it was found that the 
plane grating could not be rotated smoothly enough to make use of 
the resolution available, and a special achromatic scanning device 
was developed (17, 20). These workers have also made use of a 
Fabry-Perot interferometer: it has enabled an accuracy of 0-01 cm~! 
to be attained in the wavenumber determinations; in addition, it 
has been coupled with the grating spectrometer to increase the reso- 
lution still further, and a value of 0-045 cm~! at 1-5 uw has been 
obtained (21). 


EXPANDED SCALE SPECTROPHOTOMETRY 


The problem of detecting small amounts of materials is important 
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in many different fields of investigation. For pure materials the 
problem has been approached mainly from the sampling side with 
the design of microcells and special micro-illuminating systems. For 
trace analysis, differential double-beam analysis has been used widely 
to increase the sensitivity and accuracy (22) with which the minor 
components can be measured. The sensitivity may be increased by 
increasing the path length of the reference and sample cells. As their 
absorption increases, however, the energy decreases and the slits 
must be opened to preserve the instrument response at the same 
signal-to-noise ratio; the gain in sensitivity is much greater than the 
loss in energy until the transmission of the sample cell falls to a 
value of 1/e, but after that point, the energy loss becomes progressive- 
ly more and the gain of sensitivity progressively less 

In both cases considered, further progress can be made in other 
ways. Derivative spectra (23) have been used and will be considered 
by Dr. A. E. Martin in the following paper. Ordinate scale expan- 
sion offers a very great all-round improvement and will be discussed 
here. Its basis is as follows. The signal-to-noise ratio on single-beam 
instruments is of the order of 400, so that the noise is still discernible 
on the normal absorption scale. With double-beam instruments, 
however, values of up to 4000 are possible by increasing the slits 
three- to seven-fold above normal, thereby giving a ten- to fifty-fold 
energy increase. If a tenth of the absorption scale be now displayed 
on the full chart width, the noise level will be no more discernible 
than in the single-beam case, but will correspond to only 0-025 per 
cent absorption, rather than 0-25 per cent. 

The simplest method of achieving this scale expansion in an optical- 
null type of instrument is by replacement of the normal 0-100 per 
cent transmission optical wedge by one of narrow range. The use 
of wedges of 80-100 per cent, 90-100 per cent and 95-100 per cent 
transmission, giving 5, 10 and 20 times expansion respectively, has 
been described (24). Electronic scale expansion, however, is more 
versatile and is to be preferred; a system by which there can be 
achieved expansions of 5, 10 or 20 times at any point in the transmis- 
sion scale has been described by the same workers, both systems 
being tested on the same commercial instrument. 

Using this type of presentation, weak bands in a spectrum can be 
expanded to give pen deflexions equivalent to those obtained with 
cells many times thicker. In this way, sample size can be reduced 
for a thinner absorbing layer can still give the same sensitivity. The 
limit is set, of course, by the loss of resolution caused by the increase 
in slit width necessary to produce the required energy increase, and 
this will depend on the widths of the actual bands being measured 
Expansions of up to 20 times, or even 50 times, have been found to 
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be practicable in certain cases. Increased sensitivity is also achieved 
in differential analysis. The important point in this case is that the 
cell length can be chosen to give a sample absorbance of 1/e, where 
concentration changes produce the greatest per cent absorption 
change. The increase in sensitivity is now given by the factor of the 
scale expansion and this is achieved by increasing the energy by 
the same factor; if the same increase in sensitivity were to be achieved 
by increasing the thickness of the cells, the energy would have to be 
increased by a very much larger factor. As an example, a four-fold 
ncrease in sensitivity would require approximately a twenty-fold 

energy increase 
Analogous to the case of differential analysis is that of trace gas 
analysis in folded-path gas cells or investigations of monomolecular 
surface films in which the effective sample thickness can only be 
increased by multiple traversals. The maximum efficiency occurs 
when the number of passes produce an energy loss of e-fold; an 
increase in sensitivity by further reflections or traversals can only be 
gained at the expense of a large loss in energy. Scale expansion can 
give the same effect, however, and the energy need only be increased 
in proportion to the gain in sensitivity. Thus, a ten-fold expansion 
enables full scale deflection to be shown for the acetylene band at 
13-7 « with 10 p.p.m. acetylene in nitrogen at atmospheric pressure 
cell. Again, a nujol film of thickness 300 A could be 


detected and gave a 10 per cent defliexion at twenty-fold expansion 


MICRO-SPECTROSCOPIC TECHNIQUES 


When, in 1949, Barer ef a/. (25) reported the coupling of 


Burch reflecting microscope to an infra-red spectrometer, the 


potentialities of the technique for obtaining spectra of small 
samples of all kinds. were immediately recognized, and other 
27). These 


early instruments were all of the single-beam type, but for routine 


workers quickly followed with similar arrangements (26, 


use the de\ elopment of a double-beam microspectrophnotomelter was 
essential, and a number have now been described. The siting of a 

of reflecting objectives in each beam of an ordinary doublk 
eam spectrophotometer ts a relatively costly solution, but a com 
pact accessory of this type has been developed for the Hilger H 800 
spectrophotometer. Silver chloride lenses have also been used: 
although they introduce greater aberrations into the system than a 
well designed reflecting objective, they have the advantage of lower 
cost and easier installation and have been used in double-beam 
operation (28). One novel arrangement (18) employs a moving 
sample, so that a double-beam system of the HORNIG e7 a/. (29) type 
can be used with a single pair of reflecting objectives. 
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The handling of samples of the small size now possible is very 
difficult. Many ingenious systems have been proposed for liquid 
solution samples, such as use of drilled rock-salt plates (30) or silver 
chloride capillary tubes (31). With pure liquids, the smaller volume 
increases the difficulties; one answer is to make up a solution and 
allow the solvent to evaporate inside a cell so constructed as to leave 
the liquid on a small area of a silver chloride plate (32). 

The most promising advance has been by use of the pressed disk 
method. Special small size disks have been made (33, 34); it has also 
been shown (35) that the aperture of a large die can be successfully 
cut down by infilling with blotting paper in which the required 
aperture has been cut. By these means, | 3 mm disks have been 
produced with samples in the range 2-10 y. Scale expansion tech- 
niques should allow at least a ten-fold reduction in this amount 
the pellet could remain the same size, with the sample concentration 
appropriately reduced. 

In microspectroscopy, it is important to emphasize that the prob- 
lem is basically not one of instrumentation but of sampling, and that 
this will always require special techniques. 


AN INTERNAL STANDARD 


The dependence of observed band shapes and intensities on the 
spectral slit width of the measuring spectrophotometer has been 
discussed already. The development of higher resolution routine 
instruments will undoubtedly reduce this dependence and allow the 
observed spectra to approach the true more closely. However, for 
quantitative analysis, the problem of transfer of intensity data from 
one instrument to another could be greatly eased if a reliable in- 
tensity standard were available. 

It is obviously necessary that photometric accuracy itself and 
spectral slit width both be checked. The standard should therefore 
possess a variety of both wide and narrow absorption bands over as 
wide a wavelength interval as possible A solid sample is obviously the 
most convenient, but the use of thin films is excluded because of the 
difficulty of thickness reproducibility and measurement. One possi- 
bility would seem to lie in the use of pressed KBr disks; the absorb- 
ing material could be made up as a solid solution of standard con- 
centration in KBr, the mixture pelleted, and then polished to a 
uniform thickness. The problem, of course, lies in the choice of the 
solute or solutes. These must have the necessary absorption charac- 
teristics and also form stable disks, giving reproducible spectra. The 
great value of such an intensity standard undoubtedly makes a 
search for it really worthwhile 
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MULTIPLE DIFFERENTIATION AS A MEANS 
OF BAND SHARPENING 
by 
A. E. MARTIN 


Sir Howard Grubb Parsons and Co., Ltd., Newcastle on Tyne 


DIFFERENTIATION as a means of bringing out certain characteristics 
of absorption bands has been discussed on several occasions during 
recent years (1-8). By differentiating a band once a rather unfamiliar- 
looking result is obtained, but on differentiating a second time a 
curve somewhat similar to the original band results (Fig. 1). This 














Fig. 1. 


curve is in general, however, considerably sharper than the parent 
band and it is the purpose of the present communication to consider 
to what extent this band sharpening process can be utilized in 
practice. 

Reference to Fig. 2 makes it clear that no useful result is to be 
expected from a square band, which fortunately is unlikely to be met 
with in any practical case, while a triangular band gives a curve of 
infinitesimal width. When the band is sinusoidal the shape is un- 
changed on differentiation, as shown in Fig. 3, for if the absorbance 
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A > (1 + cos x), where kx / — vg (vis the frequency and vy 
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dA A maxSin x 
corresponds to the band maximum ;& isaconstant), F 7 
’ ~ 
An sx COS A 


+h It is easy to see that the more sharply 


pointed the band the greater is the sharpening effect. In practice, 
a fairly good representation of an absorption band is given by 
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rs where a is a constant. Putting x 
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may write 
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In Fig. | are plotted A f(x), dy f'(x), qv of "(x) and dv 


from the above expressions, where a is taken to be 0-5 and the 
sharpening effect, which is independent of the value of a, is clearly 


xf "(x) 


shown. The half-width, that is the frequency difference corresponding 


— 
to points where f{ v) } f(v) max, 1S about one-third for dv? and one- 
y2 


4, 


fifth for quar 4S compared with the original band. It will be noticed 
J 


that for both the second and fourth derivatives the main band Is 
accompanied by a negative satellite on either side, the ratio A max 
d?A d‘A 


(main peak)/A max (satellite) being 4:1 for a2 and 2-37:1 for dvt” 
y* \ 
14 


: 6 iw 
It will also be noted that for ,-, virtually the whole of the band 
ul 


structure has been covered when » Vo 2, although for the 
parent band A is still more than 10 per cent of A max when : ve = 4 

While these results are of immediate use to users of spectrometers in 
which absorbance is plotted against frequency, such instruments are 
not very common, and of more general use is a treatment applicable 
to the usual transmittance curve in which ///, is plotted against 

, where /, is the radiant energy at a given wavelength incident on the 
sample and / is the radiant energy transmitted by the sample at the 
same wavelength. The difference between frequency and wavelength 
presentation is of no great importance, since for most bands the 
width is so small that there is little distortion in changing from one 
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scale to the other. This case is, however, complicated by the fact 


that the band shape changes as the ratio /mi.//, 1s varied. At values 


[, approaching unity the transmittance curve (upside dows 


i 


proaches the absorbance curve. and the results already obtained 


G*A d‘ | , 
; and ; 4 can be made use ol, ta Pp diminishes the 


ous results have to be modified considerably. The necessary 


is as follows 


and In / In J, 


whence 


d/ d/ 4-6/A maxAX 


It follows that _—" 
' ' di dx (1 + ax*) 
and 
d?/ d*/ 4-6/aA~n ix 


dv* dx* (] ax*)4 


d*/ :, 
The result of plotting 1,2 against x from this equation is shown in 


ur” 


(1 3ax*) (1 ax*) + 4-6ax*A max] 


Fig. 4 for two values of Amax. together with curves showing the 
corresponding relation between / and x, assuming /, to remain con- 
stant. Band sharpening is evident in both cases but a spurious 
splitting of the band is shown for A may 1. Naturally, as Jmin/l, 
d?/ 

rises the curve for 4.2 tends to resemble the corresponding curve for 
d*A dd] 

m rhe plot of 2 4gainst x represents the curve which should be 
obtained from the amplifier of a single-beam spectrometer when the 
output signal obtained by scanning an absorption band is differenti- 
ated twice, it being assumed that J, remains constant for the whole 


of the band 
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A double-beam spectrometer can equally well be used provided 
that some means is available for providing an output voltage pro- 
portional to ///,. 

OVERLAPPING BANDS 


One use of derivative spectra is to separate overlapping bands. If 


two equal bands overlap as shown in Fig. 5a, on differentiating twice 
the result shown in Fig. 5b is obtained and quite clearly the bands are 
well separated. 
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Analytically, if A = f(v) + f(v + A), where / represents the separa- 

d?A 

tion between the two bands, 42 

2 

correct result is obtained by adding the second derivatives for the 
separate bands. 


f"(v + A), and the 


PRACTICAL METHODS 
Single differentiation is effected simply by applying the signal 
voltage f(v) to a capacitor C, in series with a resistor R,. If the scan- 
ning rate is constant so that dv/d¢ = r, it is found that the voltage 
appearing across R, Is 


rR, Cy f(y) — PRIC? f(y) 


To obtain a satisfactory result, rR,C, must be reduced sufficiently 
to make the second term acceptably small. 

To differentiate more than once this process can be repeated, but 
it should be pointed out that accurate differentiation goes hand-in- 
hand with small signal values, so that it may be necessary to use valve 
amplification before applying the signal to a further stage of differen- 
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tiation. The use of the valve also has the advantage that successive 
differentiating circuits are effectively isolated from one another. 

A means of obtaining double differentiation directly has been 
previously described (8) and only brief details will be given here. The 
circuit is given in Fig. 6 and it can be shown that the voltage across 
R, is 


r*Pf "( y) r ‘POT “7 b ) j ri Pt O* Py " : ) 
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where 
P R,R.C,C, and Q 


Again, to obtain an output voltage accurately proportional to the 
second derivative, the signal voltage must be kept small and it may 
be necessary to employ valve amplification to bring it to a usable 
level. This is particularly so if the fourth derivative is required, since 
the signal is greatly attenuated each time the circuit for effecting 
double differentiation is employed. 
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SUMMARY 


The second derivative of the infra-red absorption spectrum of polythene in the 
region of 1378 cm~ has been used for the estimation of the number of methy! 
groups per hundred carbon atoms in the range 2:0—0-05. It has been shown 
n the second derivative there is no overlap between the 1378 cm~! methyl 
and adjacent methylene absorptions when measurements are made at 
cm The principles which enable this conclusion to be reached from 
experimental data have been explained and illustrated. Calibration has been 
nade using polythenes of known methyl content, and checked with butyl- 
»ranched polymethylenes of known methyl content. In the appendix, the electrical 


ts used are described and circuit diagrams given 


INTRODUCTION 


[HE Use of the band at 1378 cm in the spectrum of molten poly- 
thene for the determination of methyl groups was described by 
Cross, RICHARDS and WILLIs, in 1950 (1). A plot of extinction coeffi- 
cient (optical density per centimetre) at 1378 cm~! against the 
number of methyl groups per carbon atom calculated from the 
molecular formulae was made for a series of liquid hydrocarbons. 
[he graph obtained was a straight line which, when extrapolated 
back, passed through the origin. Molten polythene was then re- 
garded as a liquid hydrocarbon and its methyl content measured. An 
empirical correlation was established between molten and solid 
polythene, and it was found that the optical density of the methyl 
band is approximately halved on melting a solid film. A correction 
was made for the contribution due to the methylene chain at 1378 
cm~? in the polythene spectrum, and a coefficient for methyl groups 
in solid polythene was derived. It was then possible for methyl 
contents to be determined on polythene films, the more convenient 
form of sample in practice. However it is well known that the 
methylene band at 1365 cm~! seriously overlaps the methyl band at 
1378 cm~! with rock salt resolution. Below two methyl groups per 
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hundred carbon atoms reliable measurement becomes difficult and a 
similar method was therefore employed, using a fluorite prism with a 
new coefficient, which enabled measurements to be made down to one 
methyl group per hundred carbon atoms. Recently, however, with the 
appearance of commercial polythenes of lower methyl content, it has 
been necessary to measure below this range. A method was therefore 
devised using a double-beam spectrometer equipped with a fluorite 
prism which enabled reliable measurements to be made down to 0-5 
methyl groups per hundred carbon atoms. This was regarded as an 
interim method for the lower region but it was thought desirable to 
find a new method for the measurement of very low methyl contents. 

In this connexion the application of the derivative spectrometer is 
described. 


PRINCIPLES AND EXPERIMENTAL 


Detection of Overlap in the Derivative Spectrum 

In order to determine whether a direct measurement of the methyl 
content may be made by measuring the height of the second deriva- 
tive of the methyl absorption, it is necessary to establish whether 
overlap occurs at 1378 cm~! in the derivative spectrum between the 
absorptions of the methyl group at 1378 cm~* and the methylene at 


1370 and 1358 cm~?. In a mixture of materials the extent of overlap 
at a particular wavelength is readily discovered by examining the 
derivative spectra of the separate materials (2), but here, the groups 
giving rise to the absorptions are in the same molecule and cannot be 
separated. If, however, the concentration of the group giving rise to 
overlap at a particular wavelength in the second derivative is constant, 
a calibration at this wavelength for the group to be measured will 
have a positive or negative intercept on the derivative output axis, 
depending on whether the overlap is due to the main peak or the 
satellite. A zero intercept indicates that no overlap occurs at this 
wavelength and that the wavelength chosen corresponds to a zero 
output region outside the satellites, or to the cross-over between 
the main peak and the satellite. 

Before such measurements are made, it is necessary to show that 
the design of the logarithmic unit is such that no intercept is obtained 
in a calibration on a single isolated band, since inaccurate logging 
or non-linear handling of the signal before or after logging gives rise 
to spurious calibration intercepts. Measurements were made at 
7-65 « on concentrations of methane, diluted with nitrogen in a fixed 
cell. A curve was obtained similar to that for optical density against 
concentration and the lower points indicated that it passes through 
the origin (Fig. 1). A further test was carried out using concentra- 
tions of naphthalene in white spirit, measurements being made on 
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the naphthalene band at 9-95 «1. No background could be detected 
for white spirit at this wavelength (20 measurements averaged zero), 
and the calibration for naphthalene passed through the origin (Fig. 
2). These calibrations show that where it is known that there is no 
overlap in the second derivative spectra no intercept is obtained. 
To illustrate the effects of main peak overlap in the derivative 
spectrum, cyclohexane was added to the extent of 15 per cent v/v to 
the white spirit, since this material has an absorption band which 
almost completely overlaps that of naphthalene. The calibration 
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obtained for naphthalene in this solvent has an intercept which corre- 
sponds to the measured output for the mixed solvent at the same 
wavelength (Fig. 3). 


Liquid Hydrocarbons and Molten Polythene 

Having demonstrated that overlap in the second derivative spectra 
can be detected by the nature of the calibration diagram, a plot of 
derivative output against methyl content was made for liquid hydro- 
carbons, ranging from decane, (20 CH,/100 C), to hexatriacontane 
(5-6 CH,/100 C). This calibration was intended to be the ultimate 
standard and would show whether a correction was required for 
methylene overlap which would show itself as a calibration inter- 
cept. Measurements were made with a fluorite prism and a slit width of 
0-6 mm, and sufficient readings were made to ensure that random 
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noise was effectively eliminated. A straight line plot was obtained, 
passing through the origin as shown in Fig. 4, and the zero intercept 


indicates that direct readings of the height of the methyl peak at 
1378 cm~! can be used as a measure of methyl content, without 
reference to the absorption of the methylene chain. The derivative 
spectra of low branched polythenes and of polymethylene subse- 
quently confirmed that the cross-over of the methylene peaks occurs 
at this wavelength. Had this not been so, the method would have 
been complicated by the necessity of either making a correction for 
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Fig. 4. Liquid hydrocarbons, 


the methylene contribution to the second derivative spectrum, or 
measuring on the side of the methyl peak at the cross-over wave- 
length. The magnitude of this contribution is indicated by the inter- 
cept when measuring on the methyl peak but difficulties might have 
arisen with samples of widely differing crystallinity. 

Three molten polythenes whose methyl contents of 3-3, 2-1 and 
0-65 CH,/100 C had been previously measured by methods described 
in the introduction were then examined, and after correction for 
thickness, the derivative readings obtained were found to correspond 
with the known methyl contents using the liquid hydrocarbon plot as 
a calibration. 
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Thus the results obtained by the double-beam spectrometer, based 
on liquid hydrocarbons, agreed with those obtained by direct 
reading of the derivative peak of the methyl band, after calibrating 
by similar readings on liquid hydrocarbons. Having established this 
fact, the instrument was calibrated for routine work by means of 
standard polythene films, which had been carefully measured on the 
double-beam spectrometer, the doubling of the band intensity in 
the solid state being thereby taken into account. 


Calibration Diagrams and Routine Measurements of Low 
Contents 
The calibration diagram of methyl groups per hundred carbon 
atoms as estimated by the double-beam spectrometer against height 
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shown in Fig. 5. Using this calibration, methyl contents below the 
lowest calibration point have been measured. Figure 6 is a reproduc- 
tion of the displays obtained on the long afterglow tub2 of the 
oscilloscope, for polythenes with 0-4 CH,/100 C and 0-15 CH,/100 C, 
and for an extracted polythene with 0-05 CH,/100 ¢ 

If an efficient air drier is not used, an intercept equal to the water 
blank at the wavelength of measurement is obtained. This blank can 
be measured independently and subtracted from the readings, but 
efficient drying is preferable. Using calibrations similar to that in 
Fig. 5, measurements of methyl! groups in polythene in the lower range 


of the derivative methyl peak. is a straight line through the origin as 
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There is good agreement in the lower range apart from samples 
C2/10D(A) and C2/8D. These were therefore measured using the 


other methods available, in order to find out whether any unusual 
spectral features were causing errors peculiar to derivative measure- 
ments. By the single beam fluorite method on sample C2/10D(A), 
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0-63 CH,/100 C was obtained, and by the double-beam fluorite 
method, 0-64 CH,/100 C. For sample C2/8D, 1-72 CH,/100 C and 
1-75 CH,/100 C, respectively, were found by the two methods 

The results on butyl branched polymethylenes confirm that the 
derivative method, which was originally calibrated on liquid hydro- 
carbons, is accurate in the low methyl range, since reference is now 
made to solid polymers of known low methyl content, which are 
available for the first time. 


APPENDIX 

Design of the Spectrometer 

The spectrometer used is similar to that described by COLLIER and 
SINGLETON (2); it is based on the Grubb Parsons S3 single-beam 
spectrometer and the derivative unit is operated under licence from 
the patentees (R. Graesser and Co. Ltd.). It is important to point out 
that in so far as the logarithmic system is concerned, the circuits given 
in British Patent No. 760,729 (November 1956) have not been ad- 
hered to, although the differentiating circuits described have been 
used without significant modification. For completeness, the whole 
of the computing circuitry is described 

The design of the logarithmic unit is of great importance, since 
faulty logging, or distortion in the rectification process gives rise 
to calibration intercepts. For this reason, a.c. from the spectrometer 
amplifier is converted to d.c. by a synchronous rectifier and inte- 
grator-type network, which provide distortion free rectification down 
to the lowest signal level required. In Fig. 7, V1 is a conventional 
phase splitter and is designed to handle a maximum signal of 60 \ 
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peak to peak, the paraphased outputs appearing across the anode 
and cathode CR couplings which are connected to the grids of V3 
and V4 by SIA and S1B in the “operate” position. The fixed contacts 
of a high speed relay are connected to these CR couplings and the 
moving contact earthed so that each coupling is earthed alternately, 
the relay being phased and synchronized to short to earth the nega- 
tive half cycles of the signal sine wave. Synchronization is obtained 
automatically by driving the light interrupter and the relays from the 
same oscillator and correct phasing is obtained by making the 
appropriate connexions to the light interrupter and by means of a 
phasing control in the relay driving circuits. The half sine-waves 
appear at the cathodes of V3 and V4 and a second relay running in 
step with the first connects the live cathode to the integrating con- 
denser and enables the maximum d.c. output to be obtained 

The d.c. signal is now applied via V5 to a microamp generator, 


producing a current strictly proportional to the signal level. A high- 
Mu triode V7 is the current generator itself, the bias being controlled 
by the pentode amplifier V6 which ensures that the cathode of V7 


follows the potential of the cathode of V5, the necessary bias changes 
being produced at the anode of V6 for only a small voltage error at 
V7 cathode. Since the current is required to start from zero, a valve 
with sharp cut-off characteristics is required for V7 and the 6SL7 
or 12AX7 are suitable. With an anode potential of 100 V, the bias 
required for 0-2 nA is —4 V and —20 V for less than 0-1 wA, so that 
for a total current swing of 140 wA, a swing of 30 V is required at V6 
anode with 120 k{£2 cathode load to V7. In the working range, the bias 
change of V6 is of the order of 0-6 V compared with the signal swing 
of 17 V, so that the shape of V7 characteristic has little effect on the 
linearity of the circuit as a whole. The circuit is set up by adjusting 
the potential rise from V7 cathode to V6 grid to give zero current in 
V7 at the zero signal level of V5 cathode. 

Since the current through the valve V7 is determined by controlling 
the cathode potential it is independent of variations in anode po- 
tential and a metal rectifier logging element may be placed in the 
anode circuit without interfering with the proportionality of the 
voltage input and the current produced in the element. Voltage 
changes at the anode of V7 represent the log output and a resistance 
may be used instead of the rectifiers for linear operation. 

Gain stability in the post-logging amplifier is attained by the d.c 
negative feedback loop across amplifier valves V8 and V10. These 
Stages, without feedback, would have a gain of 4000—high enough to 
ensure that the gain with negative feedback is determined by the 
ratio of R37 to R27 and is independent of changes in stage gain due 
to valve ageing. The nett gain to d.c. is therefore 10. The correct 
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operating conditions of V8 and V10 are obtained by choice of suit- 
able circuit values and the feedback loop ensures that these condi- 
tions are maintained. Thus, the circuit will take up a steady state 
such that V10, which has no cathode bias resistor in order that it 
shall have a very high gain to d.c. will always have a suitable bias, 
and a change of, say 30 V, in coupling battery B3 will shift V10 bias 
by only 0-01 V. The battery couplings are made up of 30 V hearing- 
aid batteries, and since they have a shelf life and the voltage and 
impedance are not critical, they are entirely satisfactory. B2 is a 
larger capacity 9 V grid bias battery. A 1 «F condenser across the 
feedback resistance, R37, reduces the gain to unity at the carrier 
ripple frequency and necessitates the addition of a small capacity 
from V10 grid to earth to suppress any tendency to high-frequency 
oscillation. The penultimate stage of this unit inverts the signal so that 
the second derivative corresponding to an absorption maximum is 
positive going, the d.c. level is stepped down by means of a coupling 
battery to suit the differentiator input and a final stage is included so 
that the first stage of the first differentiator can be provided with a 
grid resistance without drawing current from the coupling battery. 

In order to set the current level in V7 to 0-1 uA or less for zero signal 
input, a very sensitive meter would be required and the setting could 
not be checked for over-correction without disturbing the control 
A test network which provides four d.c. levels stabilized to 0-1 per 
cent has therefore been included. When the zero signal level of the 
current is effectively set to zero, each of the four test voltages will 
produce an easily measured and reproducible current in the log- 
arithmic element. This current can be read on a built in microam- 
meter which is normally shorted by a press button switch. 

The initial setting up is carried out by adjusting the circuit ap- 
proximately to zero current for zero input, noting the current ob- 
tained on test voltage No. 2, and measuring the voltage output of the 
unit at the cathode of V13 at the four test voltages. These output 
voltages are plotted against the logarithm of the test voltages, as 
measured by a high impedance meter on the test network. Small 
adjustments are made to the current on test voltage No. 2 until an 
accurately linear plot is obtained which passes exactly through the 
point for test voltage No. 1, which represents 5 per cent of full-scale 
light intensity. The current on test voltage No. 2 when this state is 
reached is recorded, and the circuit can be compensated for ageing 
and restored to accurate logging in a few seconds, simply by resetting 
the current on test voltage No. 2. The value found for this instrument 
is 19-0 pA. 

The complete characteristic of the logarithmic unit can be checked 
in 3-4 min (measurement should in any case be made quickly as 
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there is often a slow overall level drift which does not affect the slope 
of the characteristic) and new conditions could be found after a valve 
change in this circuit in about half an hour. During 18 months run- 
ning, no major adjustments have been required in this unit 

The differentiating circuit is an elaboration of the simple CR in 
which the charging current of a condenser is measured by observing 
the voltage developed across a resistance in series with it. It is well 
known that the appearance of the derivative at the CR junction 
modifies the changes in potential across the condenser and that higher 
derivatives are produced, so making it necessary to accept very small 
derivative outputs from what has come to be known as a “short CR”’. 
In the circuits described the differentiating condenser is fed from a low 
impedance source and connected to the cathode of a cathode follower. 
Current flowing into the cathode circuit will cause a change in po- 
tential at this cathode which, with a fixed grid potential, will give 
rise to a change in anode current. The anode current will change in 
such a way as to oppose the change in cathode potential and it will 
appear as if the condenser charging current, which would normally 
flow in the resistance, has been transferred to the valve and its 
anode circuit, where it reinforces or opposes the standing current. 
The changes in current in the anode circuit can be made to produce 
across an anode load, a large voltage output which in no way inter- 
feres with the input voltage being impressed across the differentiat- 
ing capacity. The efficiency of the transfer of current depends on the 
value of the cathode load, while the residual potential at the cathode 
depends on the mutual conductance of the valve. This error voltage 
is diminished by the amplifier V18 (or V25) which transfers a large 
proportion of the voltage deviation from the cathode to the grid and 
effectively increases the mutual conductance of the valve. Amplifier 
V15 (or V22) similarly decreases the impedance of the signal source. 
These circuits give a very accurate derivative of large amplitude and 
are considered to be superior at the low frequencies involved, to the 
conventional system of using a CR circuit with a feedback amplifier. 
To equal the performance of the differentiators shown in Figs. 8 and 
9, a conventional circuit would require a feedback amplifier with a 
gain of over 4000 to d.c. With the two capacities C12, C16 (C22, 
C23) any tendency to oscillate at high frequencies is suppressed and 
the units are extremely stable and trouble free in operation. 

The differentiating condenser may be switched in each unit to 
give control of amplitude (S4 and S5) and the capacity packs are 
made up of 8 uF paper-block condensers. Electrolytic capacities are 
unsuitable. In the second differentiator, a switch is provided to 
isolate the final stages from the capacity in order that the zero level 
can be observed. 
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The two differentiators are coupled through an m-derived filter 
which is effective in removing carrier ripple although the d.c. re- 
quirements prevent it from being correctly terminated. Two final 
filter networks have been used, the higher for continuous tracing of 
spectra and the lower for repetitive display. It should be noted that 


the amount of damping permissible for repetitive display is very much 
less than is commonly used for recording spectra on a single beam 
spectrometer, and that the effects of noise are eliminated by averag- 
Ing readings 

Owing to the impossibility of providing effective decoupling at the 
very low frequencies handled, four separate stabilized power supplies 
are required. These are of the conventional cascade type (3) and are 
fed from two rectifiers working on unstabilized mains. All valve 
heaters except those of the series stabilizers and rectifiers are sup- 
plied by a r.m.s. a.c. voltage stabilizer. The light interrupter is 
driven by a thermistor-stabilized Wein Bridge oscillator (4) with a 
single ended output rated at 5 W. A high-quality output transformer 
is required. The wavelength scanning motor must run at a very con- 
stant speed, and a motor-generator is used, the generated voltage, 
which is a measure of shaft speed, being used to control the input to 
the motor. No details are given as the circuit required will depend on 
the particular motor-generator used, and suitable units are commer- 


cially available 
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THE PROPERTIES Of commercial products are often modified by the 
presence of minor constituents. These may be deliberate additives 
Or unwanted impurities. The identification and quantitative 
estimation of these components is an important aspect of industrial 
analysis. 

It must be admitted that the application of infra-red methods to 
such problems is often disappointing. The reason is that there is 
relatively little variation in the absolute intensity of infra-red ab- 


sorption bands, and consequently the strongest absorption bands of 
a minor constituent may become submerged in a mass of general 
absorption. 


THE DIFFERENCE METHOD 


This situation may be improved in suitable cases by the use of the 
difference method (sometimes called the differential method). The 
impure sample is placed in the sample beam of a double beam spectro- 
meter, and the pure major component in the comparison beam. 
The thickness of the comparison sample is adjusted until the ab- 
sorption bands of the major component are cancelled, and in 
principle a difference spectrum is obtained which is due only to other 
components of the mixture. Some applications of the method in 
the “fingerprint” region, 5-15, have been described by PoWELL (1). 

There are considerable experimental limitations to the application 
of the difference method in the “fingerprint” region. In particular 
cases, however, the minor component sought may have a structural 
feature which will permit its detection, in the presence of the major 
component in the shortwave region (l-—3 »). Difference spectro- 
scopy, aS we hope to demonstrate, is much simpler here than in the 
“fingerprint” region, and is particularly satisfactory for quantitative 
applications. 
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ENERGY LIMITATION 

Useful difference measurements can only be taken when sufficient 
energy is transmitted by the sample to energize the servo balancing 
motor which operates the reference beam attenuator. Insufficient 
energy is indicated by a sluggish and sometimes unreproducible 
action of the attenuator and a consequent wandering of the recorder 
trace. The simple test applied for this condition is to obstruct the 
sample beam and observe the response speed of the system. There is 
no particular difficulty in taking measurements in a region of trans- 
parency of the major constituent, but under these conditions an 
adequate result could usually be obtained without using the difference 
method. No measurements at all can be taken in regions of total 
absorption of the major component, and it 1s therefore necessary to 
adjust conditions to obtain satisfactory difference spectra where the 
major component absorption ts high (up to 95 per cent), or varying 
rapidly 

In any wavelength region there will be an optimum sample thick- 
ness. Increasing the thickness will increase the amount, and intensify 
he spectra of minor constituents. However, it will reduce the energy 
transmission, and the best intermediate thickness must be found 
Similarly, there is an optimum slit width to be used, as increasing the 
slit width increases the energy available, and the response speed, but 
at the same time the resolving power is decreased, and the intensity 
of the band of the minor component falls 

It is evident that on energy considerations the system is more 
flexible in the near infra-red, where the source emission is high, and 
where measurements are limited more by resolving power than 


The photo-conducting detectors which may be used here are 


also helpful, as these are much superior to heat detectors in energy 


conversion. It should be possible to build a near infra-red spectro- 
meter of very high light-gathering power; by using a suitable large 
grating comparatively wide slits could be used to increase the energy 

ansmission of the instrument without the difficulty of providing a 
wide source and a thermal detector with a large receiver, as is 


necessary at greater wavelengths. 


CANCELLATION OF THE MAJOR COMPONENT 
ABSORPTION 
Another problem of difference spectroscopy is the correct balanc- 
ing of the absorption of the major component. This is usually done 
by an empirical adjustment of the thickness of the comparison 
sample. If the major component is over-compensated, the resulting 
spectrum contains “negative’’ bands, and becomes exceedingly 
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difficult to interpret, as the energy minimum between two adjacent 
‘negative’ bands may appear to be a real absorption band of a 
minor constituent. It is always better to under-compensate and pro- 
duce weak but identifiable real absorption bands from the major 
constituents, at least during preliminary work on identification. 

In the “fingerprint” region, the maximum thickness of a real 
substance which can be used is rarely above 0-010 in., and control of 
the thickness of the comparison sample is difficult, as it may be 
required to +-0-0001 in. Dilution of the sample with a transparent 
solvent is a useful method of achieving the necessary control, 
especially as the comparison solution may be placed in a variable 
path length cell for easy thickness adjustment. Unfortunately suit- 
able solvents having little or no absorption are not always available, 
and when solvents are available, the difference spectrum may be 
further complicated by the appearance of “negative” or “positive” 
solvent bands 

This problem of balancing is more easily dealt with in the near 
infra-red. As we pointed out in our previous paper (2) the extinction 
coefficients of the overtone and combination absorption bands found 
in this spectral region are far less than those of the corresponding 
fundamental stretching and deformation bands, and consequently 
much greater thicknesses of neat liquids and transparent solids may be 
used. Thicknesses of up to 2 in. may be used in some cases, and the 
thickness adjustment of the comparison sample is therefore far less 
critical. Pairs of matched glass or quartz cells, as used for ultra- 
violet and visible measurements, are quite suitable for work with 
liquids. A method which may be applied for transparent solids will 
be described later. 


APPLICATIONS OF DIFFERENCE SPECTROSCOPY 


Application of the short wave infra-red region to qualitative work 
is described by KAye (3). Absorption bands in the near infra-red are, 
with few exceptions, due to the vibrations of hydrogen-containing 
groups, and the spectra of homologues are usually similar. This 
spectral region is useful for assigning the chemical class of compound 


rather than for its complete identification. In many cases this infor- 


mation is adequate, as the identity of the compound may then be 
apparent from other evidence. 

[he similarity in the spectra of homologues in the near infra-red 
is an advantage in problems where the bulk of the material is not a 
single substance but a mixture of substances of similar chemical 
constitution, e.g. paraffin wax or mixed glycols. The inability of the 
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spectroscopist to make a synthetic mixture to match the major 
constituents may render difference measurements useless at greater 
wavelengths, but the near infra-red spectrum will be relatively in- 
sensitive to changes in the proportions of the major constituents 
where these are chemically similar. A practical example is given 
later. 


It will be apparent from this that difference spectroscopy in the 
near infra-red is only applicable when the component sought 
differs appreciably in chemical constitution from the major con- 


stituent, but this is often the case where the minor component in- 
fluences the properties of the mixture. Qualitative analysis by the 
difference method does not differ from the more usual forms of 
qualitative infra-red analyses which have been described (3). We 
will therefore give some examples to illustrate quantitative analysis, 
as we consider that shortwave spectroscopy is primarily useful in 
quantitative applications. 


EXAMPLES OF QUANTITATIVE ANALYSES 
(1) Estimation of Water 

The estimation of water in organic liquids is possible at either 3 y, 
1-9 u or 1-5 yu (2). The 3 » absorption band is by far the most intense, 
but it is sometimes obscured, particularly by other hydroxyl group 
absorptions. The 1-9 « band is weaker, but it is clear of the hydroxyl 
absorption of alcohols and acids, and can be used for water deter- 
mination in these substances. The 1-5 » band is so weak that it is 
suitable only for relatively high water concentrations. 

Water estimation is troublesome in non-polar substances, because 
the water present is in the unbonded condition at low concentra- 
tions, but becomes partially self-bonded as the concentration in- 
creases. In many cases two water bands may be present, one at the 
“free” and one at the “bonded” frequency, and Beer’s Law is not 
applicable to either band. 

Fortunately, bonding solvents such as acetone will maintain water 
in solution in the same hydrogen-bonded state up to reasonably high 
concentrations, and Beer’s Law is applicable to the resulting hy- 
droxy! band either at 2-9» or 1-9 u. Water in non-polar solvents may 
be satisfactorily estimated by the addition to the solvent of an equal 
volume of acetone. 

The absorption spectra of dry acetone near 1-9 » and 3 » are given 
in Fig. l(a) and (b) thicknesses of | in. and 1/10 in. respectively. 
There is considerable absorption from acetone at the wavelength of 
each water band, but when a solution of water in acetone is compen- 
sated with the same thickness of dry acetone in the comparison beam 
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of the spectrometer, a most satisfactory difference spectrum can be 
obtained (Fig. l(c) and (d)). The 1-9 » spectra are recorded using a 
pair of matched glass cells. At 3 » a fixed rocksalt cell is used for the 
solution, compensated with acetone in a variable path length rock- 
salt cell. 

The systems are calibrated by making known additions of water to 
the dry acetone. The calibration curves shown in Fig. 2 were obtained. 


°, absorption 





— eo oo 


Fig. |. Estimation of water. 


(A) Spectrum of acetone. | in. path 

(B) Spectrum of acetone. ,'; in. path. 
(C) Difference spectrum of water in acetone vs. dry acetone. | in. path 
(D) Difference spectrum of water in acetone vs. dry acetone in. path. 


0-020 - ‘20 





Water at 2-94 


4 


“= 


Water at 1-9 


03 
Absorbance 


Fig. 2. Calibration for the estimation of water in acetone 
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i 


These show a most satisfactory linearity over the range covered, and 
demonstrate that, under these conditions, down to 0-002 per cent of 
water may be estimated in acetone at 2-9 », and 0-01 per cent at 1-9 ja. 
Similar calibration curves are obtained when the water is added to 
50/50 mixtures of acetone with, for example, ethylene dichloride 
The estimation of water in transparent solids, such as synthetic 
polymers, may be performed in a similar way, using wedges as the 
comparison sample as described later. However, it is difficult to keep 
the comparison sample dry during the test, since it is not contained in 


1} 
a CCll 


(2) The Estimation of Monomer in Polymers 

We are using this example of the estimation of monomer in 
polymethyl methacrylate to compare with the uncompensated 
method given in our previous paper (2). The principle of both 


methods involves the detection of the unsaturated group =CH, 


(present in methyl methacrylate monomer) by means of the band at 
1-65 uw; in the difference method the absorption band at |-7 » due to 
the saturated C—H groups present is cancelled 

In the case of polymethyl methacrylate two wedge-shaped sheets of 
the polymer were made and heat-treated until no monomer could be 
found in them by the method previously described. The wedges varied 
irom , in. thickness at one edge to 1 in. thickness at the other The 
two wedges are placed in the comparison beam of the instrument with 
their surfaces in contact as in Fig. 3 The thickness of the test sample 





Fig. 3. Spectrometer layout for difference work on solids 
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is measured, and the wedges are moved until they form a parallel- 
sided block of the same thickness as the test sample. The object of 
using two wedges is to prevent the displacement of the image of the 
comparison beam, otherwise it may not fill the slit completely. 

The spectrum obtained from a test sample containing monomer is 
shown in Fig. 4(a). The thickness of the test sample is measured, and 
the comparison wedges are adjusted to the same thickness. A differ- 
ence spectrum similar to Fig. 4(c) is obtained. Fig. 4(b) shows over- 


compensation, and Fig. 4(d) shows under-compensation. The effect 


in Fig. 4(b) must be avoided, as there is no real position for drawing 
the usual straight line background under the band. The advantages 
of the present procedure over the uncompensated method are two- 
fold. The compensated method is applicable to any sample thickness 


(D) 
4 


Une : st Compensated 


Fig. 4. Difference spectra of monomer in polymethyl methacrylate 


between } in. and | in. without modification of the operating con- 
ditions, and, as the absorbance for equivalent monomer thickness Is 
greater than in the uncompensated method, the sensitivity is higher. 
Ihe shape of the calibration curve is, however, the same. 

The method may be applied without modification to ester co- 
polymers of methyl methacrylate, as the near infra-red spectra of 
such copolymers are almost indistinguishable from that of the 
straight polymer. This is an example of an application in which 
advantage may be taken of the lack of discrimination between the 
spectra of similar substances in the near infra-red. In some cases it 
may be necessary to make an empirical adjustment to the total 
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comparison wedges to achieve a Satisfactory can- 


ns for this compensated analysis must be carefully 
re is a large background energy difference between the 
e monomer band. The tendency is to have the slit so 
in reproducibility on the long-wave (low-energy) side 
lat the servo mechanism is Overloaded on the short-wave 
nt oscilli n of the recorder ensues. With the Hilger 
ymeter, as used for this work, this effect is overcome by 
cam to open the slit while the band is 

is somewhat similar to that used in the un- 

except that the difference system Is less criti- 

rate or reproducibility of slit opening. It is 

ymparatively few manufacturers of double beam 

spectrometers provid e means to open the slit at any desired rate, 


for the ability to do this may be essential to the application of the 


any part of the infra-red region. 
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INTENSITY IN THE RAMAN EFFECT: 
THE MEAN POLARIZABILITY DERIVATIVES 
OF HYDROCARBON MOLECULES 


by 


I. YOSHINO* and H. J. BERNSTEIN 
National Research Counc Ottawa 2, Canada 


SUMMARY 


rhe intensit of > polarized Raman bands of gaseous 


neopentane, benzene ethylene and acetylene were 


electrically recording spectrometer! The derivatives of 


pet bond were obtained irom the observed 
were found to be ca. |°0 10-16 cm* 


respective bonds 


THE INTENSITIES Of Rayleigh and Raman scattering each consist of 
two parts, /“, which is due to the mean value of the polarizability 
and /Y, which is due to the anisotropy of the polarizability. The ratio 


of /* of the Ath fundamental Raman band of the totally symmetrical 


species to that of a Rayleigh line is expressed (1) by 
CXp | 
where vy, and vy v, are the frequencies of the exc 


Q branch of the Raman line respectively, and Ga/cQ 


derivative of the mean polarizability with respect to 


symmetrical normal co-ordinate Q,, at the equilibrium moleculat 


configuration. The mean polarizability a is related to the refractive 
index m and the number of molecules NV, in unit volume of the gas by 


Ihe derivative of the mean polarizability, ca/cS 


the ‘th symmetry co-ordinate S, is defined (2) by 


* National Research Cour 
Tokvo Institute of Technology 
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L=* is the At element of the matrix L~!, which transforms 
symmetry co-ordinates to normal co-ordinates (3). L ty is chosen so 
Vr is equal to twice the kinetic energy of the Ath normal 
on. When S, ts associated with m equivalent bond stretching 
hall define the derivative of the mean polarizability 


(4) 


[he purpose of this article is to compare the values of @a/ér, for 


ypes of CH and CC bonds in different hydrocarbons 


v 


INTENSITY MEASUREMENT 


totally symmetrical Raman bands of gaseous 


1eopentane, benzene, ethylene and acetylene was 


photoelectrically recording Raman spectrometet 
wn in Figs. 1-6. The Hg 4358 A line was 
as the it line. The measuring techniques and the correc- 


a previous paper (6). /* was separated 


Polarized bands of methane 
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V2 
1973 cm7' 
Slit 4 cm7' 


Gain 12 % Slit 8 cm™ 


1402 mm Hg Gain 15% 
1213 mmHg 


U+Uu-Y, 


V+ U,-V, 


V+ -V, 


V2 
‘Hg 4347) cl®c'® 








Fig. 6. Polarized bands of acetylene. 


from its overlapping depolarized components, and from those of 
other bands in the vicinity, by measurement of the depolarization 
ratio over the whole region embracing the Q branch of the polarized 
band in question. The depolarization ratio was measured by the use 
of polarizing films and has been described (6). 

Both benzene and acetylene have one CH and one CC funda- 
mental stretching vibration of the totally symmetrical species, and 
ethane, neopentane and ethylene have one CH stretching, one CC 
stretching and one CH deformation vibration of the totally sym- 
metrical species. Some of these polarized fundamentals are accom- 
panied by weak polarized bands in the same spectral region. For 
example, in Fig. 6, the strong band due to the CC stretching vibration 
of acetylene is accompanied by a hot band v, + », v, and a 
band due* to C'* — C'*. In order to use Eq. (1), the /*s of these 
satellite bands were added to /* of the main CC band and also 
correspondingly for the CH stretching band of acetylene. In some 
cases, hot bands or isotopic bands seem to overlap with the main 
bands, and the /*’s of these weak bands are automatically included 
in the /* of the main band. 

The spectrum of ethane exhibits two weak polarized bands at 
2775 and 2742 cm~! besides a strong polarized doublet, the stronger 
component of which lies at 2954 cm~! with a shoulder at 2942 cm~', 
and the weaker component is at 2898 cm~!. The 2954, 2775 and 


* As to the assignment of these bands, see ref. 6. 
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2742 cm~! bands were assigned as v,, 2v, and 2, respectively, and 


the 2898 cm~! band as the superposition of 2v, and 2v,, (7). The 
shoulder at 2942 cm~! may be a hot band of v,. The components 
of the doublet are considered as sharing the intensity of the unper- 
turbed CH stretching band, and the weak bands at 2755 and 
2742 cm~! are supposed to be borrowing large parts of their inten- 
sities from the strong doublet, though the couplings between these 
weak bands and the doublet may not be as large as between the 
components of the doublet. For these reasons, all the /*s in the 
2700-3000 cm~! region were summed up to yield /.{, for the 
unperturbed CH stretching band. If the values of the /*s of the 
2755 and 2742 cm~! bands are not borrowed at all from the strong 
doublet, the calculated /.4, for the unperturbed CH stretching band 
becomes smaller by 4 per cent. If /* for the strong doublet is con- 
tributed from the unperturbed 2», and 2v,, bands, the contribution 
may be assumed nearly equal to /* for the 2755 and 2742 cm~* bands 
and so the /.4, for the unperturbed CH band becomes smaller by 
about 4 per cent. The ambiguity of the /4, for the unperturbed 
band, therefore, does not seriously affect the final result for @a/0S.4,, 
which is approximately proportional to the square root of J-4,. 

The spectrum of neopentane has a polarized triplet, the com- 
ponents of which are at 2920, 2899 and 2872 cm~". Besides this 
triplet, the spectrum shows twa weak polarized bands at 2800 and 
2716 cm~*. The values of /* of all these bands were summed up to 
yield /¢,, for the unperturbed CH stretching band, just as for ethane. 
The fraction of /.4, contributed by the 2800 and 2716 cm~' bands 
is 6 per cent of the value of J-4,. 

Totally symmetrical CH deformation bands were not observed 
in the spectra of ethane and neopentane. This is due to the very 
low intensities of these bands. A very weak band at 1388-4 cm-! 
was reported as the Q-branch of the symmetrical deformation band 
of ethane (7). If this is the case, the intensity of the band, which is 
weaker than a single rotational line of the v,, band (7), can be 
neglected in this work. 


The Js of ethane, neopentane, benzene, ethylene and acetylene 
were measured relative to that of the methane », band, /,%. at 
2914 cm~', and shown in Table 1. 


POLARIZABILITY DERIVATIVES 
The ratio of the intensity of the methane v, band to that of the 
Rayleigh line of meopentane was measured to be 1-37 x 10-* as 
described in a previous paper (6). Using this ratio in Eq. (1), the 
value of @a/@Q, of the methane v, band is found to be +. 2-08 
Nt x 10-** cm* g-t, where N is the Avogadro number. The plus 
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Table 1. I¢s of the totally symmetrical bands of the hydrocarbons 
relative to 13. of methane 





Deformation 


Methane 

Ethane 0-169 0-01 
Neopentane 0-01 
Benzene 

Ethylene 0-368 
Acetylene 





sign should be adopted for the reason previously described (6). 
The absolute values of the @a/@€Q,s of the other hydrocarbons were 
obtained by the following equation which is derived from Eq. (1): 


on 22938 — 2914\4 »,/c 
| @a/2Qx | he (59938 v,/¢ | 


2914 


(2:08 x 10-**)? VN} cm? g- 
The absolute magnitudes of @a/0Q,, are listed in Table 2. 


Table 2. | @a/2Q,| x N-t x 10'* (cm? g-') 


y 
S 





Deformation 


Methane 

Ethane - 0-15 
Neopentane ; < 0-15 
Benzene : 

Ethylene ; 1-00 
Acetylene 





The direct comparison of the obtained | éa/@Q,|s has little 
meaning because the normal co-ordinates differ for each funda- 
mental mode of vibration k; different numbers of bonds being in- 
volved for different molecules, for example. A comparison may be 
made for the values of @a/@r,, which were defined by (3) and (4). To 
obtain them, 173s and the signs of the @a/0Q,s are required. 
(L7,3)* for the methane v, vibration is just the mass of hydrogen. 
For the other hydrocarbons the L's are determined by solving 


(FG EA,) (L-*);, 0 


L-'G(L-)' = E 
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In the first of these equations p(p + 1)/2 elements of the symmetri- 
cal F matrix are required, where p is the number of totally sym- 
metrical modes. G and F are Wilson’s G and F matrices for totally 
symmetrical vibrations, (L~*), the kth row of the transpose of L-}, 
and 0 and E are a zero and unit matrix respectively. For the hydro- 
carbon molecule with p 2, two sets of three elements of F are 
obtained from the three independent frequencies of the Raman 
bands of the light and perdeuterated compounds. Since one of the 
sets is not physically plausible, a choice can usually be made. The set 
of the elements of F obtained for acetylene is (Fcu 5°80, Fe. 
16°08, Fee,cn 0-35 10° dyn cm~*). Such a set of F elements 
for benzene may be found in the literature (8). In the case of ethylene 
where p 3, two sets of F elements were obtained (9) from the 
vibrational frequencies of C,H,, C,D,, and a-C,H,D,, and one set 
could be chosen (9) in preference to the other. The L='s of benzene, 
ethylene and acetylene were calculated from these unique sets of F 
elements and are shown in Table 3. 


Table 3. Lj} 


i 





Secu Si Saet 


Methane 1-004 
Ethane 0-978 0-041 0-150 
0-105 2-481 0-040 
0-078 0-080 0-622 
0-99) 0-095 0-025 
0-102 2-710 0-390 
0-060 0-357 0-598 
0-986 0-046 0-011 
0-154 3-864 0-351 
0-106 310 0-617 
Benzene 0-945 226 
ct 0-35] 3-S5R5§ 
Ethylene ' 0-983 167 0-098 
0-259 580 0-366 
0-009 524 0-607 
Acetylene ' 0-S5* 514 
0-466 2-498 





For ethane and neopentane, unique sets of F elements have not been 
obtained from their vibrational spectra with an accuracy comparable 
with those mentioned above. A set of constants (denoted by /) for 
ethane, however, has been obtained (10) from the five independent 
frequencies of ethane and perdeuterated ethane by introducing the 
simplifyingassumption that the coupling force constant for the CC and 
CH stretching displacements was zero. Another set of F elements 
(denoted by II) of ethane can be constructed from force constants (11) 
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which were suitable for calculating vibrational frequencies of many 
saturated hydrocarbons. The values of the L733 for ethane were cal- 
culated for both sets of F elements I* and II, and are shown in Table 
3. The values of the L7's for neopentane given in the literature (12), 
are also shown in Table 3. They are based on a potential function 
(13) which contains only the cross term for CC stretching and CH 
deformation displacements. 

The deformation symmetry co-ordinate in ethane, neopentane 
and ethylene was selected to be in phase with the increase of the HCH 
angle in these molecules. The accuracy of L7} required to calculate 
éa/@S,, depends on the relative magnitudes of the | @a/@Q, | s and 
L7,}s as can be seen in Eq. (3). The values of L;} | @a/@Q, | obtained 
from the values in Tables 2 and 3 are shown in Table 4. To obtain the 
values of @a/@€S, and @a/ér, by Eq. (3) from the values of 
Lz} | @a/@Q, | given in Table 4, the signs of @a/@Q,s are required. 


Table 4. The value of L - Ca 00, (10 AS cm?) 





C—C Deformation 


Methane , 
Ethane >t < 0-01 


0-01 
0-09 
0-01 
0-05 
< 0-09 
Neopentane > 3°57 < 0-02 
> > < 0-05 
0-09 
Benzene 


Ethylene 93 - 0-01 


0-60 
Acetylene 





The signs of the polarizability derivatives were found as described 
below: 

(1) Same signs for @a/€@QcH and @a/@Qcc for benzene. 0a/CQO-p 
and @a/@Qcc for benzene-d, are related to 6a/CQcy and 0a/CQVcc 
for benzene by the L;)s of benzene and L,,s of benzene-d,. Here 
L,, is tk element of L matrix which transform normal co-ordinates to 


* The values of the L's for ethane for set I were calculated, by the co- 
ordinate transformation, from the elements of the unitary matrix connecting the 
normal vibrations with the displacements of atoms which are not the bond 
stretchings nor valence angle deformations (see ref. 10). 
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symmetry co-ordinates. The values of L, for benzene-d, were 
calculated by using the same F elements as for benzene, and are 
shown in Table 5. (/.4, of benzene-d,//-4, of benzene) and (/-% of 


Table 5. Lu, N-* of benzene-d,, ethylene-d, and acetylene-d, 





Ucn Qcc Qaet 


Benzene ‘ 0-755 0-094 
0-141 0-251 
Ethylene ‘ 0-720 0-102 
0-158 0-369 
0-050 0-314 
Acetylene 0-675 0-362 
0-312 0-259 





benzene-d,//,{. of benzene) were calculated for the same and oppo- 
site signs of Ga/0Q cx and @a/@Q cc of benzene. The results are shown 
in Table 6, together with the experimental values (14) measured for 
the liquids. It is apparent that the set with the same sign gives cal- 
culated values closer to the experimental ones. The absolute values 
of @a/@Sey and @a/@Scc of benzene are, therefore, calculated to be 
2-60 and 3-78 x 10~-** cm? respectively from the values of Table 4. 

(2) Same signs for Ga/€@Q cx and @a/@Q cc of acetylene. 

The same method as for benzene was applied to find the relative 
signs of @a/€QcH and @a/@Qcc of acetylene. The symmetrical CD 
stretching band of acetylene-d, is known to be extraordinarily 
weak (15). The calculated values of L,,s for acetylene-d, are shown 
in Table 5, and the calculated values of (/-4, of acetylene-d,//4, of 
acetylene) and (/%. of acetylene-d,//-% of acetylene) for the same 


Table 6. The I* ratios of the corresponding isotopic bands for benzene-d, 
benzene and acetylene-d, acetylene 





Calculated 


Same sign Opposite sign Observed 


I 2, of CyDg/1 &, of CsHy 0:60 1-20 0-73 


12. of C.D, /I2 


of C,H, 1-05 0-80 0-97 


lop Of C2D2//-,, Of C,H, 0-005 3-35 extraordinarily 
weak 
I Bo Of CeDy/ , Of CpHy 1-03 normal 
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and opposite signs of @a/2Q cH and @a/2Q cc are shown in Table 6. 
Since the very weak CD stretching band of acetylene-d, is expected 
only for the same signs of @a/?@Q cH and da/@Qcc of acetylene, the 
absolute values of @a/0ScH and @a/éS cc of acetylene are calculated 
to be 1-44 and 2:94 x 10-'* cm? respectively, from the values in 
Table 4. 

(3) Same signs for @a/82Q cu, Ga/06Qcc and Ga/OQacr of ethylene. 

The same method as employed in (1) and (2) can also be applied to 
determine the relative signs of da/@QcuH, 0a/€Qcc and Ga/OQaer 
for ethylene. The calculated values of L,, for ethylene-d, are shown 
in Table 5. Since the anharmonicity was taken into account for the 
F elements of ethylene and ethylene-d,, the L,,s obtained are con- 
sidered to be accurate enough to calculate @a/@Q,s of ethylene-d,, 
in spite of the fact that p = 3. The calculated values of (/7 of C,D,/ 
I? of C,H,) are shown in Table 7, together with the experimental 


Table 7. The I* ratios of the corresponding isotopic bands between 
ethylene-d, and ethylene 





Calculated* 


—| Observedt 


+ 


I 2, of CzD4/I 2, of CoH, 0-56 | O85 | O81 


CH 


Iso, of CeDy/I ig of CoH, 0-43 1-02 102 | 0-43 





* These signs are from left to right for @a/@Qcu, @a/@Qcc and @a/2Q ger of 
C,H,. 

t 1, 12. and 1g. 1g. of C,H, were 3 and 2 respectively on the photographic 

late, while 1 92./1.2. and 12/12. of C.D, were 1/2 and 1/3 respectively. Here 
P cp ‘cc det! “CC 24 


I2 means the intensity of Q branch. 


values including an unknown constant a. These experimental values 
were obtained from the gaseous spectra* of ethylene and ethylene-d, 
measured by the photographic method. Since only the set where all 
polarizability derivations are of the same sign gives values com- 
patible with the experimental ones, the absolute values of 0a/@Scu, 
@a/@Scc and @a/2Saer of ethylene were calculated to be 2-09, 
1-89 and 0-56 respectively. 


* Dr. B. P. Stoicheff kindly made available the photographic plates of these 
spectra. 
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(4) + signs for all @a/€Scys and @a/ér cus. 
For ethane and neopentane 


1 = . 
Lcucn | @2/@Q cu | > p> Li 'cu | 20/00, |, 
A 
C 


kK#CH 


and therefore @a/éS,¢ H ~ Lcucn Ca/¢ O cu. 

In this approximation the values of | éa/@rcuH | of methane, 
ethane (for I and II) and neopentane are 1-04, 1-06 (for 1), 1-10 (for 
Il) and 1-03 x 10-!* cm? respectively. The values of | @a/@rcx | of 
benzene, ethylene and acetylene were calculated to be 1-00, 1-04 and 
1:02 x 10-** cm? respectively from the values of | @a/@Scx | of 
these molecules mentioned in (1), (2) and (3). The fact that all the 
| @a/@ren | s have values around 1-0 x 10~-%* cm? makes it more 
plausible that all the derivatives have the same signs. For this reason 
we may assume hereafter that the @a/@rcyHs and @a/@Qcus for all 
the hydrocarbons have the same sign. Since the sign of éa/0Scx for 
methane was shown to be positive (6), all the @a/OScys, 0a/ercus 
and @a/@Q cus are taken as positive. 

(5) + signs of @a/@Scc of ethane and neopentane. 

(a) The change of mean polarizability from C,H, to 2C + 6H is 

44-2 and that from CH, to C + 4H is —25-5 in 10-* cm? unit, if 
the estimated value (6) of the polarizability of the carbon atom 
(25-4 «x 10-** cm*) is used, and the literature values (16) used for the 
polarizability of the hydrogen atom and methane and ethane. 
Assuming that the mean polarizability per CH bond is the same for 
methane and ethane, the mean polarizability change for the C—C 
bond of ethane from equilibrium to infinite separation of the carbon 
atoms 1S 


number of CC bonds of ethane 
number of CC bonds of methane 


6-0 in 10-*5 cm? unit 


44-2 


(b) The polarizability of a carbon atom in diamond is found to be 
8-4 from the refractive index of the diamond crystal, while that of 
free atom is 25-4 as mentioned in (a). The change of the mean polar- 
izability per CC bond in diamond from equilibrium to infinte 
nuclear separation is (25-4 8-4)/2 8-5 in 10-% cm® unit. 

In both (a) and (b), the change of mean polarizability per CC bond 
from the equilibrium internuclear separation to infinite separation 
is positive, and the value of this change is about 7 x 10-* cm*. If 
da/ér cc were negative, the curve of the mean polarizability per C—C 
bond as a function of the nuclear separation of the carbon atom 
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would have a minimum or minima between the equilibrium and 
infinite nuclear separation as shown by curve II in Fig. 7. Since this 
does not seem plausible, @a/@rc¢cs of ethane and diamond may be 
expected to be positive as shown in curve I. 

The above arguments may be used to indicate that the sign of 
6a/Orcc for neopentane is also positive. 


Lad 
~ 





EQUILIBRIUM NUCLEAR SEPARATION —®> 
SEPARATION 

Fig. 7. Change of mean polarizability with nuclear separation of CC bond of 
ethane. 
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VALUES OF @a/eS;ss AND DISCUSSION 


The values of @a/0S, and @a/ér, in accordance with the signs of éa 
éQ,,mentioned in the preceding section, and the values of Lz} | €a/éQ, | 
in Table 4, are listed in Table 8. Here the small contributions (as 


Table 8. The values of @a/@S, and @a/ér, (10~-** cm?) 





Ca/COScu ca 


Methane 2-08 
Ethane | 64 
il 69 
Neopentane 
Benzene 
Ethylene 
Acetylene 


— wm wh hv 





* Value per CHyg. 
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can be seen in Table 4) of Lz}.éa/@Q,.,s from ethane and neo- 
pentane deformation vibrations to @a/@Scys and @a/OSccs are 
neglected. For both ethane and neopentane, the value of @a/@Scxr 
is affected very little by the selection of any set of F elements, be- 
cause Ga/€Qcc is much smaller than @a/0QcH and @Qcc/éScnu* Is 
also less than a few tenths of 20 cH/@Scu and QO cH/2S cu is almost 
entirely mass dependent. The values of @a/@S cc for ethane, however, 
depend on the selection of the set of F elements, since 0a/0Q cy is 
now much larger than @a/@Qcc, and because (Ca/CQOcu\COcn 
€Scc)is not much smaller than (@a/€Q ¢ch@Qcc/é@Scc) which is the 
main part of @a/@Scc. These situations are exhibited by the values 
of @a/@S cy and @a/@S cc of ethane in Table 8 calculated for the two 
sets of F elements I and II. The value of @a/@S¢c for neopentane is 
affected less than that of ethane, because 0Qcc/@Scc for neopen- 
tane is approximately 1/2 timest larger than @Qcc/@Scc for ethane, 
and (@a/€Q ¢c)/(@a/@Q cy) for neopentane is larger than for ethane. 

The @a/@S,.-s of ethane and neopentane depend very much on 
the selections of the sets of F elements, and reliable values were not 
obtainable. 

The values of @a/@rcy are all about 1-0 x 10-'* cm? irrespective 
of the different hybridization of the C atom of the CH bonds and Is 
not influenced by the kind of adjacent bond. This result is in con- 
trast with the changes of dipole moments per CH bond derived from 
infra-red intensities. The derivatives of the electric moment with 
respect to internuclear distance for example were found to be differ- 
ent for different molecules and also for symmetry species of the same 
molecule (17, 18) 

The values of @a/@rcec¢ for ethane, neopentane, benzene, ethylene 
and acetylene are almost in the ratio of the multiplicities of the CC 
bonds in these molecules. The value of @a/@r¢¢ divided by the multi- 
plicity of the CC bond (benzene 3/2) is about 1-0 10-** cm?, 
which is about the same as the mean value of @a/@rcy, 1-0 x 10-* 
cm*. It seems that the values of @a/@rcys and @a/érccs are simply 
proportional to the numbers of bonding electrons in CH and CC 
bonds. 


* 2Qx/ OS: L “, 


+ The value of €Qcc/@Scc is approximately equal to the square root of the 
reduced mass (M,/2)* for ethane and M,* for ne« dentane where M, is the mass 
of the carbon atom. 
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SUMMARY 


A survey has been made of the present position with regard to the accurate 
measurement of vibrational absorption band intensities and the application of the 
results to problems of molecular structure. A more systematic experimental 
study of the effect of instrumental factors upon apparent band shapes has made it 

e to define the conditions of resolution which are necessary if the absorb- 

at a band peak is to be free from the effects of finite slit width. In any given 

se, it will be necessary to know the true half width of the band which is to be 

measured, and also to have a means of obtaining a measure of the effective 

spectral slit width being used. Band half widths vary considerably, and as yet there 

is no way of predicting them. Also, no satisfactory method is yet available for 

calculating or measuring S,,,. Reliable and reproducible values for the integrated 

band intensities can now be determined without recourse to the use of narrow 

slits, but the general use of these true intensities rather than E,,,, values may be 
limited by other considerations such as band overlap 

The use of true band intensities to compute bond polar properties has contin- 
ued, but progress has been slow and the interpretation of the results is difficult 

The intensities of both fundamental and overtone vibration bands have been 
used in structural diagnosis for differentiation and estimation of key groups. A 
more careful study has been begun, however, on the effect of other substituent 
groups in a molecule upon the frequency, intensity and band shape of some key 
group vibration. With some series of substituted benzenes, the effects of the 
groups can be correlated with their Hammett o factors, and taking into account 
all the data it may be possible to split up the inductive, resonance and steric 
effects of the substituents. Results also suggest that band half widths are influenced 
by small electronic influences of neighbouring groups 

Some progress has also been made towards understanding the influence of 
solvent upon the positions and intensities of absorption bands. A band intensity 
may differ considerably in two solvents, even when the frequency is almost 
unaffected, and even with solvents of low polarity in which interactions might not 


be expected 


AT THE first spectroscopy meeting organized by the Hydrocarbon 
Research Group three years ago, I drew attention to the significance 
of vibrational band intensities and the need for more exact measure- 
ments about them (1). Much progress has been made since that time, 
and although the problem is becoming more complex, and the empha- 
sis On particular aspects may be changing, there are sufficient data 
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now to suggest that this line of work may provide another important 
approach to rather more general physico-chemical problems of 
molecular structure and reactivity, quite apart from its practical 
value for infra-red quantitative analysis. In this paper I will survey 
the present position, with special reference to work carried out in my 
own laboratory, even though many of our results are still not fully 
digested. 

The main objects of band intensity measurements remain the same. 
First, it is desirable to establish a more satisfactory basis for quanti- 
tative analysis, and to obtain a measure of band intensity which is 
sufficiently independent of instrumental factors to make it con- 
vincingly transferable from one laboratory to another. This hope 
has not yet been realized. Secondly, the intensity of a group vibration 
may be useful in structural diagnosis, either for determining the 
number of groups of a given type in a molecule, or for distinguishing 
different types of a particular atomic grouping. This would of course 
be specially valuable in cases where structural identification by means 
of small differences in a characteristic vibration frequency is am- 
biguous or even impossible. Thirdly, it is possible in some circum- 
stances with small molecules to compute bond characteristics, which 
include not only the individual bond dipole moments, but also the 
variations of bond dipole with its length. In this way, some intimate 
details of the molecular electronic structure may be obtained. 

Advances have been made on all these fronts, but in each case 
there are difficulties, and particularly when attemptes are made to 
correlate the observed intensities in quantitative detail with vibra- 
tions of an assumed electronic model. In fact, the results found for 
some typical group vibrations suggest that a rather different approach 
may be more profitable at present. This involves a more empirical, 
yet systematic, study of the influence of substituent groups in a 
molecule upon thé vibration bands of other key groups, not only as 
regards frequency displacements but also as regards their intensities, 
band shapes and other properties. I shall refer to many recent 
measurements of this kind, and although it is too early to interpret 
all the results in terms of electronic structural details, it seems certain 
that much can be learnt in this way about inductive, mesomeric or 
resonance and steric factors, and even perhaps about the reactivity 
of organic molecules. 


GENERAL PRINCIPLES AND QUANTITATIVE ANALYSIS 


First, I must state the position with regard to quantitative analysis. 
The difficulty is that the absorbance log (/,//) at a band peak is very 
sensitive to a number of possible errors. These include experimental 
errors in the measurement of path lengths or of concentration, or 
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arising from the non-linearity of the amplifier-recorder system, and 
more seriously perhaps from the presence of scattered radiation. 
With proper care these experimental errors can be avoided and false 
energy can be eliminated by means of filters, double monochroma- 
tors or double pass optical systems. The overriding inherent diffi- 
culty is caused by the finite spectrometer slit width, which must often 
in practice be relatively large and lead to a distortion of the true 
band shape. Just how badly the values for the absorbance of a band 
may disagree when measured on different spectrometers has been 
shown in recent collaborative tests (2). 























Concentration 


Fig. 1. 


Even when the controllable experimental errors are avoided, the 
peak absorbance values are “‘apparent”’ rather than “‘true’’, and it is 
necessary either to discover the conditions under which they can be 
used as a safe measure of band intensity, or to find some other pro- 
perty such as the integrated band area which may be more reliable. 
The effect of spectrometer slit width upon a large number of vibra- 
tional band shapes has therefore been examined (3), using effective 
spectral slit widths upwards from 0-1 cm~?. The results, illustrated 
by Fig. la, show that as the effective spectral slit width is increased, 
the apparent half band width also increases, and values for the true 
half width 4»{ can be obtained by extrapolation to Serr = 0. In the 
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normal working range of Ser; values, the effect of variations of Ser: 
is largest for the narrowest bands, and in general a band does not 
reveal its limiting shape until the effective slit widths have been 
reduced to about one fifth of the true half band width. The results 
also show that vibrational absorption bands differ considerably in 
their intrinsic widths, not only as between different vibrations of the 
same molecule, or between vibration bands of different molecules, 
but also as between the bands due to a particular vibrating chromo- 
phore present in different molecules. While many bands, in the liquid 
phase at room temperature, have half widths greater than about 
10 cm~', some are narrower, and with solids they may be very sharp 
(4v{ about 1-2 cm~*). 

Alteration of the spectral slit width affects the apparent absorbance 
d_“. = log (T>/T)max in a similar way, illustrated by Fig. 1b. In the 
normal working range of Ser; values it is very sensitive to changes in 
Serr, and only rises to a steady maximum value when Sr; is reduced 
to about }4»;. With solutions, the plot of £..¢. = (1/cl) log (T/T) max 
against concentration, shown in Fig. Ic, only reaches its ideal form 
at very small values of Ser. In other circumstances, gross errors will 
arise if E.¢. is regarded as the true molecular extinction coefficient, 
experimental results confirming the earlier theoretical analysis of 
BRODERSEN (4). 


The conclusion that an effective slit width of less than about }4v! 
is needed in order to get a true band shape has also been suggested 
by Jones from other experimental work. Some such estimate can 
also be derived theoretically, as shown by Ramsay (5), if the band 
contour is assumed to follow a Lorentz function, 


log (/,//) 


and a triangular slit function is used. In practice, this means that 
if we are to deal with bands of half width 5 cm~! upwards, and the 
width is not known beforehand, spectral slit widths of about 1 cm~! 
must be used. This can be achieved with prism spectrometers over 
much of the wavelength range 2-40 u if suitable prism materials are 
chosen and double pass is used, but small grating spectrometers 
might be preferable 

Alternatively, attempts could be made to correct the measured 
“apparent” values of absorbance obtained with wide slits. This 
procedure might in any case be regarded as tedious in routine 
analytical work but it is also difficult in principle. In order to estimate 
the correction, the function describing the band contour—Lorentz, 
Gauss or otherwise—and also the slit function must be known. In 
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addition, Serr and 4y{ would be required. Results obtained so far 
cast doubt upon the Lorentz function, and at present there is no 
known way of predicting 4v{. As more data accumulate, the factors 
which determine 4»{ may be understood, and this may indeed be a 
new aspect of the dynamics of molecular vibrations and reveal a 
link between electronic structure and vibrational damping. The 
determination of Ser: is still uncertain. It has been usual, for a 
Littrow prism spectrometer, to use the expression given by Williams: 


P v* (1 n* sin® 2/a)4 F v 
ert t is). 
dn ; dn 
4 sin a/2 2b . 


' dA dA 


in which the first term is due to the finite slits and the second to the 
diffraction limits of the prism. F(s) has a value between 0-5 and unity, 
the exact value being uncertain. This expression takes no account, 
however, of misalignment of slits, aberration by mirrors and 
similar defects, and Jones (6) has re-written it in the form 


Serr y+ F(sll + ¢ 


Now ¢ cannot be determined except by some measurement on the 
actual instrument, and no satisfactory method has yet been laid down. 
Attempts to do so by studying the depths of interference fringes for 
varying slit widths are not yet entirely satisfactory (7, 8). JoNEs and 
SANDORFY (6) have suggested that ¢ could be ignored and F(s) taken 
as unity so that a computed value S.;, = 2 + J] can be defined, but 
this is not really adequate. Meanwhile, BRODERSEN (4) has argued in 
favour of a value for Ser; of the form 


All these difficulties arising from the finite slit width might be 
removed by the use of integrated band areas. Using the principles 
laid down by WILSON and WELLS (9), the true integrated band in- 
tensity can be obtained by extrapolating the plot of apparent 
intensity 


B [in (T,/T), . dv 
cl 


against apparent absorbance log (7,/T)max to zero absorbance, in 
accordance with Ramsay’s equation B A + A@ In (T,/T) max. 
Measurements on a number of bands have shown that in this way 
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values can be obtained for A, the true band intensity, which are 
independent of slit width over a wide range, as illustrated in Fig. 2. 
Mechanical or electrical devices can be made to simplify the integra- 
tion process (10, 11). 

Such values for A have already been useful, as will be shown below, 
for diagnostic and structural work. For quantitative analysis, 
however, it is still an open question whether they will be satisfactory. 
There is, for instance, still some uncertainty about the “wings” of 
absorption bands, so that the absolute values of A are to this extent 
uncertain. Also, when there is overlapping of bands, the quantitative 





interpretation will be less definite. Quick methods have sometimes 
been used for computing A, using for example the equation pro- 
posed by Ramsay (5), 


In (7,/T )max . 4v4 
/ ) 


in which K has a value determined by the ratio Ser:/4vj and is usually 
about 1-5. This method of getting A is suspect, however, since the 
use of the integrated band areas conversely to obtain K often gives 
values (12, 13, 14) much below those predicted by Ramsay. 
This may be because the Lorentz band shape does not apply. Also, it 
is often difficult to get a value for 4v¢ because of the unsymmetrical 
contour of a band. To sum up, therefore, it may still be desirable to 
work with higher resolving power and measure the peak absorbance 
values, but in this event more work is required upon (1) the function 
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describing band contours, measured with very high resolution, (2) 
some satisfactory experimental method for determining Ser, (3) 
the values of 4 for many more bands, and (4) the significance of 
unsymmetrical band contours and shoulders. 


COMPUTATION OF BOND POLAR PROPERTIES 


The method of calculating bond polar properties from vibrational 
band intensities was outlined previously (1). From the intensity it 
is possible to obtain Ou/0Q,, the variation of molecular dipole with 
normal co-ordinate, and the aim is to derive from this quantities 
Ou/er;, for individual bonds. Under certain conditions bond 
dipoles u;, can be estimated. More recent work has been described 
by HorNIG and MCKEAN (15) and is also summarized elsewhere (16). 
Progress has been slow, mainly because of inherent difficulties in the 
method, to which attention was drawn earlier. On the one hand, a 
satisfactory quantitative description of the molecular force field, 
which is required in the calculation, is not always available; and on 
the other hand there are necessarily ambiguous solutions when 
several vibrations occur in a particular symmetry class. These am- 
biguities arise from the possible ways of combining the terms of 
indeterminate sign which appear when the square root of the inten- 
sity is taken to obtain @u/€Q,. Some workers have used the intensity 
data only to calculate and list the values @u/¢Q, for different modes 
Occasionally, as with dimethyl acetylene (17) molecular symmetry 
simplifies the problem. In a few cases, such as ethylene (18) or 
ethane (19) comparative measurements with isotopic molecules have 
been used to remove the ambiguities. However, the values for bond 
polar properties obtained from different vibrations often disagree 
and this may be the consequence of approximations made in the 
whole method, such as the constancy and additivity of bond moments. 
In fact, changes in hybridization may well occur during certain vibra- 
tions. Although these studies are of considerable interest in valency 
theory, it does not seem likely that progress will be rapid, and in 
any case the work may be limited to relatively small molecules. 


STRUCTURAL DIAGNOSIS 


Early work on the use of band peak extinction coefficients for 
counting or characterizing groups was summarized previously (1). 
Recent progress has been reviewed by Jones ef al. (6, 20). If the 
resolution is sufficiently high to satisfy the conditions discussed 
above, some useful results can be obtained. With straight chain 
paraffins, for example, the extinction coefficients for each of several 
CH, group vibrations are proportional to the chain length up to at 
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and the results help to disentangle several overlapping 
bands (21). Also, plots of extinction coefficient against frequency 
be used in differential and summation analysis to sort out the 


can 


absorption associated with different parts of a complex molecule 
The spectra of some steroid materials have been studied in this 
way and unknown spectra have been synthesized by addition of 
contributions for the constituent parts of the molecular skeleton 
It must be realized, however, that the use of Emax aS a measure of 
the true intensity of a vibration band assumes that the half band width 


Av, is invariant, and this condition is by no means valid, as the results 
given later will show 

Integrated band intensities A have been determined for the funda- 
mentals of CH,, CH, and CH group vibrations in aliphatic hydro- 
carbons, ketones and esters by FRANCIS (22), and the mean values per 
group have been estimated. The results show clearly that if carbonyl 
groups or oxygen atoms are adjacent to the alkyl groups, the vibra- 
tional intensities of the latter are much affected, mainly through 
electronic effects. On the other hand, the estimated unit group in- 
tensities from different molecules are not very well defined. Much 
work has been done on carbonyl groups. Results of BARROW (23), 
FRANCIS (22) and unpublished work in my laboratory (24) show that 

aliphatic groups the intensity A varies markedly with the type 
ketone, ester, amide, etc., and Barrow has tried to correlate this 
variation with the molecular resonance energy. The position of 
carbonyl groups in a steroid skeleton or in a side chain can sometimes 
be decided (25) from A values, and BURER and GUNTHARD (26) have 
found an interesting variation of A for the carbonyl group in saturated 

g ketones of different size. The various types of NH group in 
aliphatic or aromatic secondary amines (27), amides or hetero- 
cyclic bases differ considerably as regards vibrational band intensity, 
which can be used for type identification. Rough intensity data for 
the olefinic C=C group stretching vibration may also discriminate 
between classes in which the nature of the attached groups is differ- 
ent (28). The fundamental OH group vibration in simple phenols is 
about three times more intense than the same vibration in simple 
alcohols (29). 

Apart from such data on the fundamental vibrations, the absolute 
intensities of the first overtones of some group vibrations, and their 
values relative to those of the fundamentals, are proving informative. 
Several types of a given atomic grouping may differ considerably in 
the electrical anharmonicity of their vibrations, even though the 
mechanical anharmonicities are about the same. This arises because 
differences in electronic structure caused by attached or neighbouring 
groups affect the higher terms in the dipole function p(r). Such 
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differences in electrical anharmonicity are reflected in the intensities 
of the overtones. There is, for example, a striking variation in the 
ratio A»,/Ago for the fundamental and first overtone of the NH 
group in different kinds of secondary amine, which can be used in 
diagnostic work. Some preliminary measurements reveal a similar 
variation for the carbonyl group in ketones, amides and alkyl or 
aryl carbonates (30), and it is found to a less degree with phenols and 
alcohols (29). 


GENERAL ELECTRONIC INFLUENCES AND BAND 
INTENSITIES 

Much useful structural determination can be done by the above 
methods. However, as more data accumulate it becomes clear that 
characteristic localized vibrations of atomic groupings are always 
affected to a greater or less extent by electronic displacements caused 
by substituents in other parts of the molecule. The effects are quite 
independent of, and often much greater than, any “‘mass” or “‘field” 
effects. The electronic displacements may affect both the vibration 
frequencies and intrinsic vibrational band intensities of the absorbing 
chromophore. The two properties must be considered separately, 
since the vibration frequency is controlled essentially by the bond 
force constants, and the intensity by Gu/0Q, or Qu/ér,;,. Change of a 
substituent group may affect either, neither, or both of v and A for 
the chromophoric group. Sometimes the frequency shift is very 
small but the change of band intensity is large. Along the series 
CHX, chloroform, bromoform, and iodoform, for example (31), 
there is little change in the C—H bond stretching frequency, but its 
intensity increases some fourfold. 

It should be possible to interpret the experimental data in terms 
of inductive, mesomeric or resonance, and steric influences of sub- 
stituent groups. Some attempts have already been made to correlate 
frequency and band intensity of a key group with the electronega- 
tivity of attached groups (32), or with the molecular resonance 
energy, but little progress has been made. It is certain that future 
diagnostic work will be limited until more is understood about these 
electronic effects, and more systematic studies have therefore been 
made with selected series of molecules. 

One convenient series is provided by substituted aromatics cf the 
type 
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in which a localized vibration in the group Y is influenced by sub- 
stituents X. On the basis of kinetic data, Hammett established the 
relation, log K log Ky = p.o between the reactivity constant K 
of the group Y and substituent constants o for meta and para 
groups (33, 34, 35). Recently, Tarr (36, 37) has tried to obtain o 
values for ortho substituents, and to split up the o constants into 
their inductive and resonance parts o; and cg. Alternative values for 
substituent constants have been discussed by other workers (38), 
in connexion with other types of reaction. 

The effect of o upon the vibration frequency v of the group Y 
has been measured for a number of series, including phenols (39), 
anilines (40), benzoic acids (41), nitrobenzenes (42) and aryl ketones 
(43). Fairly regular trends have been found between v and o. Electron- 
donating groups with positive o values sometimes raise v, but may 
act in the reverse sense, and the frequency shifts are as a rule fairly 
small. It was found, however, that the effect of substituents upon the 
intensity of the C=N group in substituted benzonitriles is large (44, 
45, 46). Thompson and Steel suggested that the data fit a linear 
relation between log A and o over a wide range, and MANDER and 
THOMPSON (47) have found that the slope of this log A/o plot is 
about the same in different solvents, although the intensity A for a 
given solute may alter considerably. BROWN has recently claimed 
(48) that his experimental data on eight substituted benzonitriles do 
not justify this empirical linear relation between log A and o, and 
that there is a sharp change of direction in the plot at about o = 0. 
However, recent extension of this work in my laboratory appears to 
substantiate the linear relationship, for Krueger has found that it 
applies satisfactorily to the A values for thirty-nine substituted 
benzonitriles covering o values from —0-7 to +1-5 and a sixty-fold 
change in the intensity. Moreover, if the o values recently suggested 
by Tarr (37) for ortho substituents are used, the data for ortho 
compounds fit into line very well. Krueger has analysed the data 
further and found interesting relationships between the C=N 
group frequency or band intensity, and the Taft values for the in- 
ductive and resonance parts of the substituent constants. Whether 
the linear relation between log A and o has any fundamental physical 
significance, or even general validity, must at present remain un- 
settled. It could be argued that the reactivity constant K in the 
Hammett equation will be related to the production of regions of 
high electron density in the molecule. Now +A is roughly propor- 
tional to Gu/CQ,. Hence K might be related to 1/A, which might 
justify the linear plot of log A against oc. In this case, however, we 
might expect the slope to depend upon the solvent, like p in the 
Hammett equation. 
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Similar measurements have been made with substituted anilines 
and N-methyl anilines, for the N—H bond stretching vibrations (49, 
50). With anilines “ and v* vary regularly with o, and the results 
again support a linear relation between log A and oa, the slope being 
different for the antisymmetric and stretching vibrations, but in 
both cases much smaller than that found for the benzonitriles. 
Krueger has found that here, too, some ortho substituted anilines 
fall into line if Taft substituent constants are used, and that it may 
be possible to separate the o,; and cr factors. The corresponding 
studies of the OH vibration band in substituted phenols lead to 
similar conclusions. The effect of nuclear substituents in the C=O 
group frequency and intensity in compounds of the type 


—CO.R 
X 


has also been measured (51). These cornpounds include benzalde- 
hydes, benzoic esters, acetophenones, and benzophenones. In these 
molecules, the substituent affects the frequency, but the band inten- 
sity is hardly influenced at all. Although too few compounds have 
been measured to be sure, the effect upon the intensity may depend 
somewhat upon the group R=H, OC,H;, CH, or C,H,;. With 
substituted acetanilides, nuclear substituents appear to have almost 
no effect upon either the frequency or intensity of the NH group 
(52). 

The important general conclusion to be drawn from these results 
is that the influence of nuclear substituents can operate in different 
ways. This can best be seen from the plots of v and log A against o, 
illustrated qualitatively in Fig. 3. The fact that with a pair of series 
such as the benzonitriles and anilines, the introduction of electron- 
donating substituents decreases both the C: N and NH, group 
frequencies, does not imply that the vibrational intensities will be 
affected in the same sense; they are in fact changed in opposite 
directions. It is also peculiar that the frequency shifts of NH and OH 
vibrations in anilines and phenols caused by the same substituents 
are in opposite directions, whilst the band intensities are altered in 
the same sense. The interplay of inductive and resonance effects is 


very evident in such cases. The directions of the changes of v and 
A in different series are summarized qualitatively in Table 1, in 
terms of the slopes of the plots. Most of the results hitherto have 
been confined to meta and para substituents, but it seems likely 
that ortho compounds also may soon be included, and this should 
reveal steric influences in addition to inductive or resonance 


effects. 
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Table 1. Series —R, meta and para substituents. 


Xx 





Group 
R frequency 


‘0-OC,H, 
HO | 
CH 
C,H 
O-C.H, 

"NN 
O-NH-CH, 


CO-OH 
CO-OH 





It would of course be valuable to obtain correlations of this kind 
with simple aliphatic compounds in which the absorbing chromo- 
phore is not directly conjugated with other neighbouring groups. 
Such measurements are now in progress with aliphatic cyanides and 
carbonyl compounds, and it is hoped to interpret the results in terms 
of the various estimates which have been suggested for the electron- 


withdrawing power of groups. Marked changes of intensity of the 
C=N group vibration have been found in some simple aliphatic 
nitriles (44, 53). 
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INFLUENCE OF SUBSTITUENTS UPON BAND SHAPES 


As indicated already, there is often a large difference between the 
half band widths of different vibrations of the same molecule, or of 
a given localized group vibration in different molecules. Within 
related series such as the substituted aromatic compounds discussed 
above, substituents affect the half band width of the absorbing 
chromophore in different ways. Table 1 for meta and para sub- 
stituents shows that the slope of the plot of 4v, against o can be zero, 
positive or negative. With ortho substituents, steric influences come 
into play, apart from the possibilities of internal hydrogen bonding, 
and more results are needed to disentangle these from the inductive 
and resonance effects. Orr (54) has found some similar interesting 
results with substituted stilbenes. In such work, we ought really to 
compare the true half band widths 4:4, but comparative surveys of 
the apparent values 41% should still be informative, and in many 
cases where the bands are intrinsically broad, the apparent widths 
may differ little from the true values. 


SOLVENT EFFECTS 


The only general conclusion which can be drawn from present 
experimental data about the effect of solvents upon frequency, band 
intensity and shape of vibration bands is that no current interpre- 
tation is satisfactory. Much caution is necessary if measurements in 
different solvents are to be used in analytical or structural investiga- 
tions. Surprising changes in band intensity sometimes occur for a 
given solute in different solvents in which interactions are not to be 
expected, and there is no regular predictable behaviour as regards 
the effect of solvent upon the frequency of a band on the one hand 
and its intensity on the other. 


The following general questions arise: 

(i) For a given set of solvents, does their effect upon the different 
vibrations of a solute molecule, or upon the vibration of a 
selected chromophoric group present in different molecules, 
always place these solvents in the same order? 

Do any general relationships exist between the physical proper- 
ties of a solvent and its effect upon v, A and 4», for vibration 
bands? 


Attempts have been made to interpret frequency shifts in different 
solvents in accordance with the equation (55) of BAUER and MAGAT, 
which aims at allowing for the electric field effect of the medium: 
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=D 
3D 


While this relation may fit the data in solvents of low polarity fairly 
well, large deviations occur in other cases, and replacement of D 
by the square of the refractive index is not much more satisfactory. 
It is more likely that the field effect is more subtle than has been 
assumed, and that intermolecular interactions of one sort or another 
usually occur. There is little change of the C=N group frequency of 
benzonitriles in solvents of widely different dielectric constant (47), 
with some of which hydrogen bonds might be formed. By contrast, 
the C=O group frequency of many compounds is noticeably lower 
in chloroform than in carbon tetrachloride (51), and those of the NH, 
group are lowered in solvents of higher dielectric constant (50). 
WHIFFEN has also noticed a small shift of a vibration band of 
chloroform in different solvents (56). Detailed consideration of 
these and many other results suggests that the shifts may involve 
both field effects and more specific interactions. 

As regards the effect of solvent upon band intensity, it seems cer- 
tain that neither the simple Debye formula (57), nor its modification 
by ONSAGER (58), are satisfactory (59, 60). An apparently rough 
agreement with the Onsager equation found for a vibration of ali- 
phatic esters may be accidental (61). On passing from carbon tetra- 
chloride to chloroform, the C=N group band in benzonitriles is 
about doubled in intensity (44, 47), whereas that of the C=O group 
in benzoic esters or acetophenones only increases by about 25 per 
cent (51). Vibrational intensities of the NH, group in anilines are 
much affected by solvents (50), they are unexpectedly high in benzene, 
and the values in nitromethane suggest that hydrogen bonding with 
this solvent is not very marked. Whiffen has found that the band due 
to the degenerate stretching vibration of the CCl, group in chloro- 
form retains about the same integrated intensity in a variety of 
solvents although the half band width shows a big variation (56). 

This variation of half band width with the nature of the solvent is 
another intriguing problem. In anilines the N—H vibration band half 
widths alter considerably in different solvents, somewhat irregularly 
and in no apparent relation to the polarity. Carbonyl group bands in 
benzoic esters, or acetophenones, are substantially wider in chloro- 
form than in carbon tetrachloride (51). On the other hand, C=N 
group bands in the meta and para substituted benzonitriles retain an 
almost constant width regardless of solvent (47). 

lhe only hope of unravelling these questions is to obtain more 
experimental data in a range of solvents. It may be especially im- 
portant to study vibrations of different kinds in simple molecules 
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involving a dipole vector change in different directions to the overall 
molecular structure. Similar conclusions seem to have been reached 
by BROWN (62). One feature, however, of special interest is that weak 
hydrogen bonding involving only small frequency shifts may be 
detectable from large changes of band intensity. 


BAND INTENSITIES AND RAMAN SPECTRA 

While the above account has been concerned with infra-red 
absorption bands, similar work on the intensities of vibrational 
Raman bands could be equally informative. Reference should be 
made to such data which have already been obtained in the U.S.S.R.., 
notably by WOLKENSTEIN (63) and by SHORYGIN (64). In this case the 
important property is the change of bond polarizability during a 
vibration, and this again is directly related to bond electronic 
structure. Less quantitative, empirical, correlations of the experi- 
mental data with structural features could also, however, be very 
useful. 
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SUMMARY 


order to calculate vibrational band intensities we need to knov 
charge distribution in a molecule and its rate of change in a d 
molecule. Several factors are described which make this calculatik 
Important among these factors are lone-pair electrons, and hybridizati 
molecular vibration. It is also probable that even if they 
librium configuration, partial bond following leads to **bent” 


are Sita 


onfiguration. But a careful enquiry into the chemically most 


of a bond suggests that very few bonds are ever really 
rium configuration. This leads to longitudinal 
Ihe transverse moment of a bond 


> equilit ind 
appears sometimes t 
much as any of the other factors to the total change of 
moment. The significance of all this both for ab init 


mal imtensities, and for the interpretation of observed 


|. INTRODUCTION. THE ROLE OF THEORY IN INTENSITY 
INTERPRETATIONS 
WHEN A molecule is vibrating and absorbs a quantum of energy, we 


may suppose that one of the normal modes of vibration, represented 
by the normal co-ordinate QO 


‘\ 


is excited. If « 1s the molecular dipole 
moment in the equilibrium configuration, the basic formula from 
which all our analyses of the 


absolute intensities must proceed 1s 


In this equation rpuon coetticient at ire 


the integration an entire rotation—vibration 
Further, N is the number of molecules per cubic centimetre « 
and cu/cV me 


sample 
isures the rate at which the molecular moment changes 
wher co-ordinate QO is changing. Strictly, both uw and ou/cQ are 


vectors so that 


(sa) + (59) 
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where x, y, z represent axes fixed within the molecule. Very frequently 

of course on account of molecular symmetry, only one, or two, of the 

components of » will differ from zero, but the vanishing of e.g. », 
does not imply the vanishing of u,/éQ. 

Ihe left-hand side of Eq. (1) is measured experimentally. Ou: 

oncern in this paper is with the interpretation of the right-hand side 

terms of what models we can set up, and what calculations we can 

make, in order to describe the dipole moment in a molecule. There 

are two almost distinct parts to this enquiry. For the right-hand side 

of (1) involves both » and Q. If we are to discuss ~ we must essen- 

tially know the detailed charge distribution tn the molecule. This will 

us into the language ol bonds, bond moments and lone-pair 

1 the other hand, is a normal co-ordinate, and so it 

ear combination of the more elementary 

linates such as bond ler etn al d bond angle changes 

btain the coefficients in this expansion, we need to know 

the potential energy function which governs the molecular vibrations. 

A good deal of effort has been put into questions of this latter kind, 

the technique for obtaining this potential function from the 

ved fundamental frequencies, combined if necessary with an 

isotopic) molecules when certain parts of the 


nore of the bonds) would be expected to behave 
\ gous fashion, has Deer 
s. We shall not therefore spend muc 
shall concentrate on the other muc 
concerned with the interpretation of the dipole 
derivatives 
Here the matter is exceedingly simple in theory. Let p(r) be the 
electronic charge density at any point r of a molecule; then p is 
easily found if the electronic wave function ¥ has been calculated 
he dipole moment » is given by the formula 


| ro(r)dr (3) 


If we measure r from the centroid of the positive nuclear charges there 
is no term needed in (3) associated with these nuclear charges. But if 
we choose some other origin for r it is a simple matter to add to (3) 
another term due to the nuclei. Now let the nuclei move to new 
positions. There will be a new and modified charge distribution. There 
will therefore be a new dipole moment » + Ju. Thus we may de- 
termine @u/@Q, provided that we have already dealt with the par- 
ticular nature of the normal co-ordinate Q. 

Now it is quite difficult to make really good ab initio calculations 
of the total molecular charge distribution. Even for diatomic mole- 
cules, as we shall see later, there are usually severe approximations 
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that are necessary. For polyatomic molecules the situation is inevit- 
ably worse. As a result relatively few detailed calculations have so 
far been made. But with the advent of large-scale electronic com- 
puters it is likely that this situation will change in the next few years. 
MILLs (1) has studied the methane molecule CH,, where the almost 
spherical character of the total charge makes the calculation more 
tractable; and BURNELLE and COULSON (2) have studied ammonia 
and water. A short discussion of an example from this latter paper 
will show the degree of agreement with experiment. 

One of the normal co-ordinates in NH, is very closely the valence 
angle a HNH. Two years ago HIGUCHI (3) calculated molecular 
wave functions for this molecule for a series of distinct values of a. 
From these wave functions it was possible to calculate » as a function 
of a, and hence infer the value of @u/@a. The calculated value is 3-4 
D/rad, in reasonably good agreement with the experimental (4) 
value 2:65 D/rad, derived from a measurement of the absolute 
intensity of absorption. One point, however, is worth mentioning 
here. The experimental value, from (1), gives (@u/@a)*, and the 
question of the sign of @u/@a is left unsettled. Here theory appears to 
settle the matter unambiguously. It is true that in this particular case 
we should expect p itself to be directed from the centre of the H, 
group which is positive, towards the N atom, which is negative: 
and we should also expect that when a increased to 120° so that the 
molecule became planar, » would become zero. It is natural therefore 
to expect that » would drop from its equilibrium value as the 
valence angle increases. But there are other molecules where simple 
physical arguments of this kind are not applicable, and in such cases 
the theoretical calculations may be the only way of determining the 
sign of @u/2Q. Indeed, it seems reasonable to hope that before long 
a fairly well-established pattern of @u/0Q values will exist; and then 
their signs for newly measured molecules could be guessed with 
considerable confidence 


2. SOLVENT EFFECTS 

It is desirable at this point to draw attention to a serious theoretical 
difficulty, of quite a different kind from those previously mentioned, 
Most experiments are performed not in the gas phase, but in solution. 
Consequently we must expect intermolecular forces to play a con- 
siderable réle. Partly this will show itself in a shortened life for an 
excited vibrational state—and hence a “blurred” and slightly im- 
precise energy value. But, more important, the close proximity of 
the molecules will affect the outer parts of their electron-clouds. Now 
it is precisely the outer parts of the charge distribution which are 
most effective in determining the dipole moment, as the weighting 





polarizability of 
hat the outer 10 per cent of 
lity.) This is exactly what is found exper 
two examples will show the size of this effect 

ynths ago HORNIG and HIEBERT (6) published a study of 
e interaction between H—Cl and D—Cl in mixed crystals. At a 
sufficiently low temperature (66K) the infra-red spectra pointed 
nequivocally to the presence of linear zig-zag chains of molecules 
ut the intensity of absorption in the crystal as compared with the 
gas indicates that ¢u/er for any molecule (r is the bond distance) ts 
twice as great in the solid as in the gas. This ts a sure sign that as a 
result of the forces giving rise to cohesion, the outer parts of the 
molecular charge-cloud are seriously distorted. But it equally points 
out how difficult a theoretical calculation for such a situation must 
inevitably be. For not only do we need to know the detailed charge 

density in the isolated molecule—itself a matter of great complexity 
but we also need to know just how this cloud is perturbed by the 
presence of neighbour molecules. Such perturbations will involve 
dispersion, induction, orientation and overlap repulsion energies: 
and as recent papers show (e.g. refs. 7 and 8) their detailed calculation 
is beyond our present ability. This is not surprising when it is realized 
(9) that in substituted anilines there may be a ratio of almost 4:1 
between the integrated intensities of the N—H stretching vibrations 
when the solvent changes from carbon tetrachloride to acetonitrile 
Yet even these ratios are smaller than those found in O—H stretching 
vibrations, where the ratio may be as high as 10:1 between the H- 
bonded and non-associated molecule (10). This corresponds to a 
ratio greater than 3:1 for the corresponding values of @u/ér. Thus 
he intermolecular forces of association, although quantitatively far 
smaller than the intramolecular forces of chemical bonding, are 
much more effective in determining the rate of change of dipole 
moment. It is true that there are reasons (11) for this particular 
case; but quite clearly at our present stage of knowledge of molecu- 
lar structure, we shall do well to be careful in attempts to calculate 
absolute imensities if these intensities differ greatly between the solid, 


liquid or gaseous phases. 


3. RELATION TO BOND PROPERTIES 
We must now turn to theoretical attempts to relate the observed 
values of Gu/€Q to conventional bond properties. We are so familiar 
with the idea of bond additivity in dipole moments that we instinc- 
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tively try to discuss variations in « such as those represented by 
ou/CQ, in a similar additive way. The assumptions which are im- 
plied in such an attempt have been well summarized by HorRNiIG and 
McKEAN (12). They are three in number: 

(1) When a bond is stretched by a length dr, a moment (@u/cer)éd) 
is produced, and this lies in the direction of the bond: 

(2) when a bond is bent through an angle 5¢, a moment p,y 
produced, where jp, is the “effective bond moment”; this additional 
moment lies in the plane of bending, and is perpendicular to the 


bond: 


ov 1S 


(3) when one or more bonds are bent, or stretched, or when a 
combination of bending and stretching occurs, the moments de- 
scribed in (1) and (2) are strictly additive. Thus displacing one bond 
is not supposed to induce any moments in the other bonds 

Hornig and McKean in their paper present a large amount of 
experimental evidence to show that these three assumptions have 


only a relative validity. Thus, from different bending vibrations in 
a given molecule values of « are estimated; according to the theory 
these should all be equal. In practice, they are not equal. In ethylene, 
for example, »cu appears to be 0-3 D or 0-7 D depending on the 
type of vibration considered. And this differs from acetylene where 
cH appears to be 1-0 D and from HCN where ywcu is 1-0 D. 
Similar, but smaller, variations appear in the values of Gu/cr. It seems 
fairly clear from the data assembled by Hornig and McKean that no 
rigorous division of » into fixed bond contributions ts really accept- 
able, though it does succeed in giving a rough interpretation of the 
observed intensities and shows, for example, why bending modes 
often lead to considerably greater absorption than stretching. There 
are several theoretical reasons why we should not be surprised at 
this situation. The more important of them are given in (a)-(e) 
below. 


(a) Presence of Lone-pairs 

When a molecule possesses lone-pair electrons, we have come to 
realize that these electrons will seldom, if ever, be in conventional 
pure s or p atomic orbitals, but will usually be in some hybrid of s 
and p. In early days (13) it was customary to infer the particular 
degree of mixing of s and p by the geometry of the molecule, using 
the principle that the various hybrids around each atom should be 
orthogonal. This condition automatically fixes the hybridization 
ratios, once the valence angles are known. But although this is a 
rough criterion, it is not completely accurate, and recent analysis has 
tended to regard the hybridization ratio in the lone-pair electrons 
as one of the parameters which must be chosen in the course of 
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calculating the energy, choosing its value so that the energy in any 
configuration of the other atoms is as low as possible. But, clearly, if 
an electron is in a hybrid sp orbital, its centre of position will be 
away from the nucleus, in the direction in which the hybrid points, 
and a dipole moment is immediately introduced. In the case of atoms 
where there are no lone-pair electrons, these hybridization dipoles 
can be shown to cancel on summation. But when, as in cases such as 
the nitrogen atom of ammonia, there are two electrons in one of the 
hybrids (the lone-pair) and only one each in the three others (forming 
the bonds) we do find a resultant moment. Since this is chiefly 
associated with the atom and not with any amount of polarity in the 
bonds, we refer to it as the atomic dipole (14, 15). Such dipoles may 
be quite large, of the order of 1-2 D, and in many molecules, e.g. 
water and ammonia, they represent the greater part of the total 
molecular dipole moment. This would not matter if the atomic 
dipole remained constant during vibrations. But such a happy 
situation is not found. Detailed calculations by BURNELLE and 
COULSON (2) show that in ammonia and in water the contribution 
to Gu/a which arises in this variation of the lone-pair contribution 
is numerically only a little smaller than that arising from the bond 
moments. We may anticipate therefore that in molecules containing 
lone-pair electrons, we must include an effective dipole moment for 
them as well as the more conventional bond moments. 

There is strong evidence in favour of the existence of the lone- 
pair moments. In the case of oxygen, the tetrahedral co-ordination 
in ice, and the existence of directed hydrogen-bonding are both very 
naturally understood in such terms. Furthermore in certain very 
accurate electron-density diagrams for organic molecules in the 
crystal phase, indications of such small concentrations of charge 
have recently been found. 


(b) Hybridization Changes 

The situation just described could be referred to as the variation 
of hybridization in lone pair orbitals, as a result of angular deforma- 
tion of the bonds. This clearly invalidates assumption (3) listed by 
HORNIG and MCKEAN (12). But hybridization changes will also 
cause unexpected contributions to @u/ér. Consider, as an example, 
the C—H bond in methane. In the regular tetrahedral equilibrium 
position the hybridization around the carbon atom is essentially 
equivalent sp* of the kind originally introduced by PAULING in 
1931. But if one of the hydrogens moves out along its C—H direc- 
tion, we shall expect that the hybridization will no longer continue 
equivalent. We can see this most easily if we ask about the ultimate 
situation when the one hydrogen atom has been dissociated from 
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the rest, leaving the methyl radical —CH,. We are not yet sure 
about the geometrical shape of this radical, but there is some evidence 
for it being much more nearly planar than tetrahedral. Thus not 
only will there be hybridization changes in the other C—H bonds, 
but the remaining electron (the unpaired one) of the methyl group 
will become more nearly a p-electron than a tetrahedral sp%-one. 
Thus the contribution of this atomic dipole to the C—H bond will 
vary with C—H bond length. This shows how difficult it is to give 
any simple physical interpretation for empirical @u/ér values. The 
situation is even more complex if the bonded atom, instead of being 
hydrogen, is such that it too may use hybrid orbitals. In the case 
of Cl, for example, there are reasons (16) for supposing that the 
bonding orbital is not pure 3p, as simple theory would expect, but 
3p with a small admixture of 3s. This percentage may be small, only 
of the order of 5-10 per cent, but it will contribute both to the 
C—Cl dipole moment and its change when rc-c; alters. This is 
because when the C—C] distance is increased to infinity, we know 
that the bonding electron ultimately becomes a pure 3p electron, and 
loses all its s-character. Thus the hybridization in the chlorine atom 
depends on rc-c. A very rough estimate for this atomic dipole in 
the case of 5 per cent s-character in chlorine suggests that it is of the 
order of 0-7 D. Quite clearly therefore it is not negligible. The 
suggestion has even been made (17) that its changes during molecular 
vibrations—which must become greater at higher temperatures 
are responsible for certain alterations in the chemical reactivity of 
olefins and other molecules as the temperature increases. But whether 
this particular suggestion is or is not correct, there can be no doubt 
about the importance of these hybridization changes in determining 
both » and @u/ér for most chemical bonds. The importance of 
hybridization changes in terms of chemical bonding and so-called 
overlap population is already well known through the work of 
MULLIKEN (18). 


(c) Bond Following 

A further point related to (a) and (b) concerns the question of 
orbital bond following. Some years ago it was suggested by LINNETT 
et al. (19, 20) that during a molecular vibration in which the valence 
angles at a central atom were changing, it should not be supposed 
that the hybrids at this atom necessarily followed the directions of 
the bonds, and always pointed directly towards the bonded atoms; 
but there might be partial following, leading to bonds which, in the 
displaced situation, could be called “‘bent’’ bonds, to distinguish 
them from the more conventional “‘straight’”’ bonds. Such bent bonds 
are already familiar in strained molecules, of which one of the best 
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xamples is cyvc/opropane. Here the angle between the C-—¢ 
tions 1s 60 , but the angle between the hybrids at any one carbon 


centre is considerably greater than this, being about 106 (21). It 


direc- 


would be natural, therefore, to anticipate that even 


in less dramatic 
tuations, such as the angular distortions during a vibration 

lial following would occur. But it may equally well happen that 
some vibrations 
than in others. For example, HEATH and NNETT (22) 


SUC h 


e extent of orbital following had to be naller in 


showed for 
tetrahedral molecules such ; netha that orbita 
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impossible in the E£-mode leformation ul 


less d-orbitals were 


st unlikely. and in such 


used at the central 
picture of the shape ol 
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ine electron 


eCrxampie is 


is showed. there 


1) in which two of the 
other Iwo move down- 


rbitals on the sulphur atom 
two of these are necessary 
Pauling’s spd" ihedral hybrids) there is 


to orbital following in either the 7», or 7. 


ows by a more careful analysis of the inter- 
hat orbital following would be expected to be 


In a situation like this 

nt effective bond moments 

Ihe only way by which we could hope to 

e intensities in cases such as these would be to 

ne first the degree of orbital bond following, and then allow 
calculations of the quantity Gu/ca 

} 


AA 


anical calculation of orbital bond following is a 


>; and so, before illustrating it by an example, it may 
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be desirable to refer briefly to an alternative semi-empirical method 


which uses the observed vibration frequencies to give the potential 
energy function in a somewhat different way from the conventional 
one. The method is a development of the original ideas of Linnett 
et al., but the particular case to be described now is due to COHAN 
and COULSON (24) 

We are concerned with the ammonia molecule NH,. Let the 
equilibrium positions of the atoms (Fig. 2) be NH, H. H,, with 
NP the corresponding direction of the lone-pair electrons. We have 
already seen that these electrons are in orbitals which are hybrids 
of 2s and 2p, and are therefore directed symmetrically away from 





the group of three hydrogen atoms. Now let the H atoms move to 
positions H’ (only H,’ is shown in the figure in order to avoid 
confusing the diagram). The hybrids responsible for the NH bonds 
will not in general follow completely, and so let NH” den 
directions in which they point. In the symmetrical vibrations 
vg Symmetry conditions compel each NH, NH’ and NH 
coplanar, but in the unsymmetrical degenerate vibrations v, 
v, this is not true, and the actual direction of NH’, together with 
the new direction NP’ of the lone-pair electrons, must be found 
in the following manner 

We set up a potential energy function for the vibrating molecule 
in which 


$k, 2(4r;)? + bk, 2(4a,)® + $k, 2(4a,;)? + $k, (4Q,)°. (4) 
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In this equation, k,, k,, k, and k, are force constants, and 
Ar NH NH increase in bond length of NH,, 


4a H; NH bending of bond line NH; away from 
direction of the hybrid NH,, 


H* NH? — H,NH increase of valence angle between 
the hybrids in NH, and NH,, 


P*NH? — PNH change in angle between the hybrids 
in NH and NP 


rom the conventional type of function 
unt of the directions of the 

in a similar way as if they were 

gy of deformation of the 


energy ol deform ny 


Y) iePciie 
moiecuie 


. , } ‘+ | } - ] ’ . + > . y | ' 
directions tne Ir nyorias ¢ ind Ui centrai atom (t 


nowevel 


H’ are known 


and P” are unknown, 
and not directly measurable. If orbital bond following were complete 
H’’ would coincide with ; if there were no orbital following at 
all, H’’ would coincide with H. In fact we may suppose that, given 
the positions H’, the directions H”’ and P” will be such as to make 
V in Eq. (4) a minimum. In such a way, we find relations between 
the extent of orbital following and the various force constants k 
This degree of following varies with the different modes of vibra- 
tion, showing once again why we should expect that the effective 
bond moments inferred for the same molecule by using different 
normal modes, should vary from one mode to another. It may be 
added that the potential function (4) is able to give a very satisfactory 
account not only of the vibrations of NH,, but also of ND,, and 
of the angle—angle interaction force constant as determined by 
DUCHESNE and OTTELET (25) 

This type of analysis of bond following is semi-empirical, in the 
sense that no absolute quantum-mechanical calculations are made, 
but quantum-mechanical ideas (hybrids and lone-pairs) are used to 
suggest a suitable type of potential function. It would obviously be 
more satisfying if the complete calculation could be made quantum- 
mechanically. One or two such calculations have been attempted. 
The following example, taken from a paper by the writer and 
Dr M. J. STEPHEN (26) illustrates the sort of extension of the ideas 
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just described from a semi-empirical to a largely non-empirical 
character. 

Consider the vibration v,. of ethylene C,H, in which (Fig. 3) 
the HCH valence angle increases at one end, and simultaneously 
decreases at the other. The atoms H move to positions H’, but the 
hybrids around the carbon atom are changed from the directions 
CH to the directions CH”. The = electrons of the double bond are 


— ex direction 


Fig. 3. 


supposed to remain unchanged in this particular deformation. The 
argument now proceeds as follows. 

(1) First determine the particular hybridization ratios of 2s and 
2p in the o-bond orbitals. These depend—to a first approximation— 
only on 4a and 48. 

(2) Next set up localized molecular orbitals to represent each of 
the four C—H’ bonds and the C—C o-bond. These orbitals depend 
on a polarity coefficient (p) such that p 1 corresponds to pure 
covalency and p = 0 to pure C~H" ionicity. No such polarity 
coefficient is needed for the C—C o-bond. 

(3) Since each of these molecular orbitals is doubly-filled a com- 
plete determinantal wave function may be written down. Including 
the z-electrons but taking no account of the inner-shell K-electrons 
of the carbon atoms, this determinant has 12 rows and columns 

(4) The density distribution p(r) can now be obtained, and so, 
using Eq. (3), the dipole moment . This is a function of 4a, 46 
and p. Arguments are given to show that p is not likely to vary 
greatly in a molecular vibration. It is therefore taken to be a con- 
stant. Ideally this constant should be evaluated by some minimum 
energy criterion; but since this required an inordinately large 
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computation, its value was inferred (1-03 < p 1-O8) 
ities of the stretching vibrations v, and v,,, in which 
nificantly. Ideally again the ratio 46/4 
imum energy argument. But 1 
ivoided by evaluating the 
for several distinct values of 
Pp 1) shows how sensitive 
f bond following 
0-5 1-0 


(halt-following) (complete following) 
1-00 2-08 D rad~! 


own to be either 0-205 or 
ign should be negative, and that 


this particular vibration there 


the theoretical values of this table in 
ibutions. These may be associated with the 
H bonds (Cy), the overlap charge in the 
charge on the H atom, the atomic 

) and the C—C overlap charge. In the 

0-5, the numerical values are (in 

0-19 and 0-17 D rad. This shows us 

are aS important as any others; and it 

lat we cannot expect any simple theory to be 
attempts to use fixed effective bond moments, or 

uic charges. We may say that no satisfactory numerical 


is possible within the framework of a superposition of 


! 


nal chemical bonds 
Before leaving this section reference should be made to an alterna- 
ve approach to the subject of intensities. This approach has been 
eveloped by Moffitt et a/., to deal more particularly with the 
nsity of electronically forbidden, but vibrationally allowed 
itions in molecules such as benzene (a short account, with 
rences, is given by LieHR (27)), but the method is capable of 
ng with infra-red intensities, with very little extra development. 
s is more especially the case for valence vibrations in which the 
hybridization changes are either small or negligible. In its simplest 
terms we suppose that whatever the positions of the nuclei, the 
wave function may be expanded in terms of the appropriate wave 
1s for the equilibrium position. The coefficients in this 
must depend on the extent of the displacements, and, 
displacements, should be linear in each 4r and J@. 
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Approximate methods are developed for calculating the 
wave function for arbitrary nuclear displacements 
should be possible to calculate the various Gu/¢Q 

this method would appear to be very desirable. 


(d) Transverse Bond Moments 

We have already seen that the assumption of fixed b 
is inadequate. There is a further reason for this. 
describing since it helps us to relate this particular diff 
whole problem of what is meant by a chemical bond. Let | 
the situation by reference to the water molecule, whic! 
discussed from this point of view both by HAMILTON (15 
BURNELLE and COULSON (2), with substantially similar conclt 
The question involves what is meant by saying that certai 
are occupied. For we must always remember that separat 
are not physically measurable—in other words the separate 
charge distributions are not genuine “observables” 
total charge distribution is so. This total may be s| 
in many distinct ways: we are mentally performing o1 
when we speak of separate chemical bonds. In formal 
is equivalent to the statement that if we start with a mole 
function corresponding to double occupancy of a gi\ 
molecular orbitals ¢,¢,...¢4,, we may replace this wav 
(which is a 2n-rowed determinant) by another dete 
precisely the same general pattern, but with the origi 
replaced by a new set #;. The only conditions that we must maintain 
are that the new orbitals ¥; are mutually orthogonal and are 
normalized. Apart from this they may be arbitrary linear combina- 
tions of the ¢’s.* Thus since these new w’s lead to exac tly the same 
total wave function and charge density as the old ¢’s, we have n 
more grounds for saying that the old ¢’s are occupied than 
saying that it is the new wW’s instead. Now starting with the ¢’s, 
can always obtain an indefinite number of w’s. So there is no absolute 
uniqueness in our choosing one rather than the other. For purposes 
of computation (and also for a study of electronically-excited levels, 
with which we are not here concerned) it is usually simplest to 
suppose that the original set—the ¢’s—are completely delocalized, 


each having one or other of the symmetries of the molecule. Thus, 
for water, in which the axes are as shown in Fig. 4, certain of the 
molecular orbitals ¢ will be symmetrical with respect to the xy plane; 
the others will be antisymmetrical. These are the familiar o and 


* The mathematical description of this is that the J's are related to the ¢'s 
by a unitary transformation. 
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m orbital symmetries. Then some will be symmetrical with respect 
to the yz plane, others will be antisymmetrical., 

The occupied z-orbitals are merely the oxygen 2pz atomic orbitals. 
These function as lone-pair electrons, and need not concern us 





! 
y 


Fig. 4. 


further. Apart from the inner Is-electrons of oxygen the o-type 
consist of one which is antisymmetrical in the yz plane, with a wave 
function 


d, = C,(x) + C; {(a) — (6)} (5) 


where (s) (x) (y) (a) and (4) denote the oxygen 2s, 2px, 2py and 


the two hydrogen Is orbitals respectively. The o-type which are 


symmetrical in the yz plane are of the form 


C,(s) + C,(y) + C; {(a) + (8)} 
(6) 
‘g(s) + Coy) + Cy {(a) + (5)} 


where C, C, are certain numerical coefficients which have been 
calculated by ELLISON and SHULL (28). 

The ground state of the water molecule would be described by 
putting two electrons in each of the delocalized molecular orbitals 
d » and ¢,. The total electronic charge density would be found 
by addition of the separate charge densities of the occupied orbitals. 
But this description quite clearly has no relationship whatever with 
what 1s conventionally called a chemical bond, or a lone-pair orbital. 
We certainly could get no information about effective bond moments, 
or their gradients, from such delocalized orbitals. In order to 
retrieve what would be regarded chemically as bonds O—H, and 
O—H,, we must replace the three old orbitals ¢, . . . d, by three new 
orbitals ¥, ...,. The ~’s are certain linear combinations of the 
¢’s. If we desire &, and ¥, to represent the bonds O—H, and O—H,, 
and w, to represent the lone-pair o-electrons we shall insist that y, 
and w, are equivalent on reflection in the mid-plane Oyz, and that 
¥, shall consist as far as possible of orbitals associated with the 
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oxygen atom. The most sensible condition is to demand that y, 
consists only of a linear combination of (s) and (y), with no hydrogen 
contribution at all. These conditions, together with the orthogonality 
and normalization conditions, are sufficient to determine the w’s 
uniquely. This particular transformation has been studied by 
BURNELLE and the writer (2) who discussed the significance attached 
to identifying ¥, and ¥, with the bonds O—H, and O—H 

But, as HAMILTON (15) pointed out, this identification is not 
unique. For example, we could have demanded that ¥, and ys, were 
each axially symmetrical around the bond directions O—H, and 
O—H,. This would have led to a new lone-pair orbital ¥,, which 
now extended slightly on to the two hydrogens (and so could perhaps 
only just qualify for the descriptive label of “‘lone-pair’’). There are 
other possibilities too, intermediate between those just described. It 
becomes obvious that the definition of a bond O—H, is not unique 
and hence that any discussion of effective bond moments will 
inevitably lack complete and absolute precision. 

However, Burnelle and Coulson pointed out one surprising con- 
clusion from this. If we decide to use the earlier -description for 
the bonds and the o-lone-pair orbital, we can calculate the bond 
dipole moment and its gradient. It appears that %,—which | 
responsible for the bond O—H,— is not axially symmetrical. Conse- 
quently the dipole moment yp associated with it (the effective bond 
moment) is not directed accurately along the internuclear line. The 
bond moment has both a longitudinal and a transverse component. 
At the equilibrium angle of 105° the longitudinal component is only 
0-16 D, much less than the lone-pair value 1-69 D; and the trans- 
verse component, which is directed in such a way that the negative 
end of the dipole lies between the two hydrogen atoms, has a value 
0-23 D. Furthermore, if we accept this definition of the O—H bonds, 
we find the following partial dipole moment derivatives to @u/@a 


Contributions to Gu/éa in H,O (a 105°) 


lone pair longitudinal transverse total 
bond moment bond moment 


1-4] 0-20 1-93 0-72 (D/rad) 


The surprising thing about this is that the longitudinal bond moment 
appears to contribute so little, and the transverse moment so much. 
It is true that one has to be careful about the interpretation of these 
numbers, since, as we showed earlier, the definition of the bonds 
which has been used is not unique. But, as HAMILTON (15) shows, 
this general type of behaviour is likely to be fairly common. 

It is not difficult to see how the confusion has arisen. In the case 
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example, all that is strictly observable is the total 
dipole moment 1-84 D. The simplest way of interpreting 


\ | " i 
LU UU} 


yose that this figure is the vector sum of two bond 


‘1 
r 


oments, eacn equal to | 5] D, directed along the 2) H directions 


~ 


nterpretation fails to do justice to the contribution from the 
pair electrons, and so next we include this as well. But of course 
is NO particular reason, other than that of symmetry, why we 
suppose that the two bond dipole vectors lie along the inter- 


es. In fact, as soon as we think about the way in which 


—H bond would tend to repel the other one, we can see that 


is likely to be more unusual than a bent one. We 


ost inevitably to the type of analysis represented in 


values above. 
Effective Bond Moment and Other Measures 


iestion will inevitably arise when we consider the numerical 
of effective bond moments obtained either theoretically oO! 
retation of absolute intensity measurements. This is, can 


these values by comparison with dipole moments determined 
7 t 


} 


ntirely different way? First of all, we can get relatively 
ym the total dipole moment determined y dielectric 
nts of the polarization. For if there are lone-pairs present, 
1d NH,, the total moment is the sum of the contribu- 
ith bonds and lone-pairs. In general the infra-red work 
de enough data to estimate both. And if there are no 
the total dipole moment does not uniquely determine 
nt bond moments—particularly if there are transverse 
ngitudinal parts to each bond moment, we reach a 
; far too complicated to be worth much detailed 
perhaps for one or two simple molecules 
mising line of comparison, more suited to the values 
found from the use of isotopic molecules. If we 
Cl and D—Cl, for example, we shall find that on 
irger mass of deuterium as compared with hydrogen, 
mean bond length is slightly less than that of H—-CL. If we 
the difference 4u between the two dipole moments, and 
rse curves or some other equivalent potential function, to 
ie bond length difference 4r, we have a good approxima- 
2 of Gu/er for this molecule. At present this technique 
limited by the experimental difficulty in measuring Ju 
accuracy; and there are other difficulties about an 
olyatomic molecules where both 4r and 4a will usually 
for isotopic systems. But a good start has been 
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made (29), and it will be interesting to watch developments, 
when more accurate determinations of the dipole moment become 
possible. 

But it might be thought that we could find some comparison with 
magnetic effects. This topic does not yet appear to have been very 
carefully studied from this particular point of view, so we shall 
content ourselves here with a highly simplified semi-classical version 
Consider a linear molecule B—A—B (such as for example CO,). A 
rough description of its charge distribution can be given by saying 
that each B atom carries a formal charge g, and the A atom a formal 
charge g., where, to preserve electrical neutrality 2g, + g. = 0. Now 
suppose that the molecule rotates in a plane as a rigid rotator with 
energy of rotation /?/* 87*/. / is the moment of inertia and J the 
rotational quantum number. This corresponds to an angular velocity 
w = hJ/27l. Each B atom makes w/27 rev/sec, so that the two B 
atoms give rise to a circular current of magnitude i = 2¢,w/27, Le. 
g hJ/27*1. 

If the bond length is r, this means that we should expect an 
associated magnetic moment zr*i, which ts g,/Jr*/27/. If we can 
measure this magnetic moment we have an experimental means of 
determining g,, and hence the bond moment g,r. This analysis 
could be put in quantum-mechanical terms, but the final result is 
substantially the same. The advantage of this method is that it picks 
out what appears to be a bond moment, and considers the magnetic 
moment associated with its rotation. Even if the molecule, instead 
of being straight, were triangular as in water, it would still pick out 
charge distribution in the O—H bond regions, since the lone-pair 
electrons would contribute very little to the magnetic moment due 
to motion around the axis of molecular symmetry. But to some extent 
the apparent selection of bond charge is illusory: for what this 
method can do is to pick out the charge in a certain region of the 
molecule. This, which may be called a volume moment, is not to be 
identified with a conventional dipole moment. For example, in CH,. 
the total dipole moment associated with that quarter of space which 
is in the form of an infinite pyramid with C as vertex and C—H as 
central axis, and which can be described as the volume occupied by 

H bon is large (30) as 4 D. Yet we have good reasons for 
H dipole moment is only about 0-4 D. In 


moment of the charge, both positive 


nian j 
aii... i> 


calculations 


ry rT ’ | 
bit conventional 


irbonvl bond 
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becomes clear that these rotational magnetic moments lead to 
volume dipole moments which have no direct relationship to the 
moments involved in infra-red intensity 


measurement interpreta- 
tions. 


A somewhat similar discussion to this, for the case of SO,, a 


triangular molecule with a valence angle of 120°, has recently been 


given by MAYHoopD (32). In view of these difficulties it does not 
seem worth while developing this line of approach further at present 


4. CONCLUSION 


Before coming to our final conclusions, one further comment is 
necessary. All our previous work has depended on the use of Eq. (1). 
But this equation neglects any electrical anharmonicity. In effect it 
supposes that » can be expanded as a Taylor series 


ps feo 7 O (Cu oYv) 


in which all terms higher than the linear one in Q are neglected 
By considering the intensities of overtones it is now possible to 
show that such a neglect is not really valid. In particular Moccia 
and THOMPSON (33) have shown, for a series of hydroxyl compounds, 
that the term in Q? is often by no means negligible. In the case of 
phenol, for example, in terms of the increase 4r (in A~) of the O—H 
bond length, they find that 


bu fe 2:28 4r 0-34 (4r)y*. 


Numerical values of this kind warn us that even in most favourable 
cases we must not expect a too great accuracy in our analysis; and 
eventually it may be necessary to distinguish more carefully than 
hitherto between r,- and r,- values. 

The considerations outlined in Section 3 prompt the final question: 
what are the prospects for accurate calculation of infra-red inten- 
sities ? The answer would appear to be in three parts, depending on 
how accurate the final result is expected to be: 

(a) If we want only a rough value, then a pattern of conventional 
bond moments, and their derivatives, should be adequate. But the 
intensity may only be calculated to within a reliable factor of some- 
thing like 4 in this way. 

(b) If we want to get a better accuracy, we shall have to take 
account of lone-pair electrons: and of the way that these are affected 
by a molecular distortion. We shall probably have to be prepared 
to allow the existence of both transverse and longitudinal compo- 
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nents in the effective bond moments. In neither (a) nor (b) is there 
any reasonable chance of using conventional static dipole moment 
studies, nor rotational magnetic moment studies, to help us, for 
despite certain similarities these yield different quantities from the 
ones we want. So also do calculated volume dipole moments. 

(c) For really good accuracy it looks as if we shall have to 
abandon the notion of bonds, since this is breaking down in this 
degree of refinement; and we shall therefore be forced to calculate 
the total wave function, and its rate of change in molecular vibra- 
tions, without explicit reference to any bonds at all. Such calcula- 
tions will generally require large electronic computers, and even 
when complete, they will give us very little real chemical insight into 
our phenomenon. For this latter type of understanding, which the 
present writer believes to be ultimately the more important, methods 
(a) and (b) would appear to be suitable. But it is only in (a) that 
the assumptions listed by HoRNIG and MCKEAN (12) apply 
rigorously. 


REFERENCES 


(1) Mitts, Molecular Physics, in press. 
(2) BURNELLE and CouLson, Trans. Faraday Soc., 1957, 53, 403. 
(3) HiGucut, J. chem. Phys., 1956, 24, 535. 
(4) MCKEAN and ScHATz, J. chem. Phys., 1956, 24, 316. 
(5) ABBoTT and BoLTon, Proc. roy. Soc. A, 1953, 216, 477. 
(6) HorNIG and Hiepert, J. chem. Phys., 1957, 27, 752. 
(7) BENSON and DricKHAMeR, J. chem. Phys., 1957, 27, 1164. 
(8) BROWN and CouLSON, Proceedings of International Conference on Electronic 
Structure of Molecules, Paris, September 1957, in press 
(9) KRUEGER and THompson, Proc. roy. Soc. A, 1957, 243, 143 
(10) WENOGRAD and Spurr, J. Amer. Chem. Soc., 1957, 79. 5844. 
(11) CouLson, Proceedings of International Conference on The Hydrogen Bond, 
Ljubljana, July 1957, in press 
(12) Hornic and McKean, J. phys. Chem., 1955, 59, 1133 
(13) CouLson, Victor Henri Memorial Volume ‘‘Contribution a l'étude de la 
structure moléculaire’, Liége, 1948, p. 15 
(14) CouLson, 7rans. Faraday Soc., 1942, 38, 433 
(15) HAMILTON, J. chem. Phys., 1957, 26, 345 
(16) DuCHESNE, Nature, Lond., 1947, 159, 62 
(17) DucHesne, Bull. Acad. Roy. Belg., 1952, 38, 197 
(18) MULLIKEN, J. chem. Phys., 1955, 23, 2338 
(19) HEATH and LINNETT, 7rans. Faraday Soc., 1949, 45, 33 
(20) HEATH, LinnNett and WHEATLEY, 7rans. Faraday Soc., 1950, 46, 137 
(21) CouLSON and Morrirt, Phil. Mag., 1949, 40, 1. 
(22) HEATH and LINNETT, 7rans. Faraday Soc., 1949, 45, 264 
(23) Lester, Ph.D. Thesis, London University, 1952. 
(24) COHAN and CouLSON, Trans. Faraday Soc., 1956, 52, 1163. 
(25) DucHeEsNE and Otte cet, J. Phys. Radium, 1950, 46, 137 
(26) COULSON and STEPHEN, Trans. Faraday Soc., 1957, 53, 272. 
(27) Ligue, Trans. Faraday Soc., 1957, 53, 1533. 
(28) ExLuison and SHULL, J. chem. Phys., 1955, 23, 2348. 








SOLVENT EFFECTS IN INFRA-RED SPECTRA 
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SUMMARY 

The influence of the solvent on the frequency and intensity of the y-CH-vibrations 
of aromatic hydrocarbons has been studied. The observed “‘blue-shift’’ can be 
explained in a semiquantitative way on the basis of localized electrostatic inter- 
action. Current formulae for estimating the influence of solvents on the band 
area are discussed and tested. The intensity variations observed, although 
relatively small, appear not to be a simple function of any physical property 
of the solvent 


INTRODUCTION 


IT HAS become more and more apparent that the immediate environ- 
ment of a molecule may appreciably influence its infra-red spectrum. 
The band frequency, the band shape or the band intensity may vary 
from one solvent to another. 

Several years ago in the course of analytical work our attention was 
drawn by the behaviour of the well-known y-CH-vibrations of aro- 
matic compounds. Their frequencies were found to shift in a direc- 
tion opposite to what was to be expected from the conventional 
frequency shift formula of KirKwoop (1) or BAUER and MAGAT (2). 

It was therefore attempted to explain the observed shifts by local- 
ized electrostatic interaction rather than by the non-localized inter- 
action underlying the conventional formula. 

As the band shapes were found to vary considerably with the 
solvent—the molar-absorptivity and half intensity band width varied 
by a factor as high as 2—it was only natural to investigate the be- 
haviour of the band area or integrated intensity. 

At the same time this offered an opportunity to check the merits of 
the conversion factors found in the literature. One of these was found 
to be incorrectly derived, even if one admits its basic assumptions. 

In the following pages frequency shifts and band intensities will 
be separately discussed. 

For each topic a brief review of existing theoretical background, 
criticism and suggested modifications and comparison with experi- 
mental results will be given in that order. 
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FREQUENCY DISPLACEMENTS 
Existing Theory and Conflicting Observations 
The expression usually employed to correlate the frequency shift 
of an absorption band of a substance in solution with some physical 
property of the solvent is the so called Kirkwood-Bauer-Magat 
(K.B.M.) expression (1,2) 


where 
v is the perturbed and v, the unperturbed frequency 
kK a positive constant 


n is the solvent refractive index at the measuring frequency. 


This relation was found independently by Bauer and Magat and by 
Kirkwood from the concept of non-localized interactions of an 
oscillating dipole (solute molecule) with the electric field in a spheri- 
cal cavity in a continuous dielectric (solvent). 

Even with polar solvents n? is used rather than the dielectric 
constant «, as the dipole orientation relaxation times are some thou- 
sand times the infra-red vibration periods (3). 

A “red shift” of the vibration frequency is invariably predicted, 
regardless of the substitution of n* for e«. 

Such a shift towards lower frequency—trelative to the frequency 
v, of the unperturbed molecule in the vapour state—has been often 
reported 

At the same time, however, numerous significant deviations from 
the expected linear relation between 4 v and (n? 1)/(2n®? +- 1) have 
been observ ed. 

During infra-red analytical work in our laboratory several years 
ago some intense absorption bands of substituted benzenes were 
found to be shifted towards higher frequencies (“‘blue”-shift) with 
increasing polarity of the solvent. 

This shift is opposite to the direction predicted by the K.B.M. 
relation. 

A similar “blue’’-shift has been reported for the 671 cm~* benzene 
frequency (4) and for the 829 cm~! furfural frequency (5). GLUSKER 
and THOMPSON recognize this result as conflicting with the K.B.M. 
relation (5) without giving further comments. 

We shall now show that localized electrostatic interaction between 
the positively charged aromatic hydrogen atoms and the negatively 
charged oxygen or nitrogen atoms in polar solvents like acetone and 
acetonitrile can account for direction and magnitude of the observed 
frequency displacements. 
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Estimation of the Electrostatic Interaction 
Let us consider a H-atom of the solute—e.g. benzene—at a dis- 
tance r from the O-atom of the solvent molecule acetone, see Fig. 1. 


Fig. 1. Schematic representation of the interaction of the y-CH-vibration with a 
neighbouring dipole. 


Here R is the remainder of the benzene molecule lying in a plane 
perpendicular to 6, 6 is the deviation of H from its equilibrium 
position. 

If e* and e~ are the excess charges at H and O respectively, the 
component F; along 4 of the Coulomb-attraction acting on H is 


e’ »> 5 


the corresponding “force constant” /’ 
7 


Now during the y-CH-vibration of benzene (v, = 671 cm~'*) the 
H atoms move simultaneously through the plane of the carbon ring. 

For the unperturbed benzene molecule the corresponding fre- 
quency is determined by the relation (6) 


o 4 my +> Mc 
4n*) h . (3) 
my. M¢ 


where / is the force constant for this particular motion of the H 
atom while my and me are the atomic masses; the value of A is 
2°44 x 104 dyncm~?,. 

From the electrostatic interaction with the polar solvent there 
results the slight increase /’ of the force constant / in Eq. (3) so that 
the new frequency »v is given by: 

jy’) "4 + me (4) 


mymMc 
For the relative frequency shift it follows that: 


4 v/ Vo h'/2h 
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Application to Benzene 

Finally the order of magnitude of /’ in the Coulomb-approxima- 
tion is estimated from the C,-—H, > C=O and —C=N bond 
moments, their internuclear distances and the effective atomic-radii 
of H, O and N in the following way. 

According to BELL ef a/. (7) the benzene C—H bond moment » is 
0-42 D, its hydrogen being positive. 

With the CH distance of 1-08 A the positive charge on the H 
atom e° will be about 0-39 x 10~-* e.s.u. 

Similarly a xc—o of 2:8 D and re_o of 1:24 A give a negative charge 
at the oxygen atom of 2:2, « 10~-' e.s.u. For acetone with poo 
and rc—o values of 2-8 D and 1-24 A the “negative charge” e~ at O 
is about 2:2, « 10- e.s.u. 

Similarly for the N-atom of acetonitrile with »c=n about 3-4 D 
and rc=n 1:16 A a value e~ of 2-9, 10~-*° e.s.u. is obtained. 

The interatomic distance r of Eq. (2) is taken as the sum of the 
effective radii (Wirkungs-radien) rs; according to STUART (8) these 
values are 1-05, 1-2, and 1-3, A for H, O and N respectively. 

Thus the extra force constant Af’ is 0-07, x 10-'° dyncm~? for 
acetone and 0-09, 10-*° dyn cm~? for acetonitrile—whilst the 
respective relative frequency shifts 4v/v, are 0-016 and 0-019 against 
observed values of 0-015, and 0-019 respectively. 

This good agreement may be partly accidental, as the predicted 
4v/v, values are based on a fairly crude electrostative model. 

Moreover not all H-atoms of a given benzene molecule would 
necessarily be subjected to the maximum electrostatic interaction 
simultaneously. This would tend to reduce the effective /’-values and 
the frequency shifts. 

That different solute molecules may be perturbed to a varying 


extent is apparent from an increase of the half intensity band 


width. 

On the other hand no unperturbed solute molecules are left in the 
polar solvents as there is hardly any absorption at the original 
frequency 1 

As the ratio of the calculated shifts for acetonitrile and acetone 
4v'/Av is less sensitive to errors in the most uncertain quantities, e 
and the radius of the H-atom it seems appropriate also to compare 
the predicted and experimental values of this ratio. 

lhese are 1-2, and 1-2, respectively; this agreement lends further 


support to the proposed concept of localized electrostatic inter- 


! Evidence 


situation would be expected for the y-CH-vibrations 
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of partially substituted benzenes and polyaromatics. This is actually 
found, as illustrated by Table 1. 


Table 1. Survey of frequency shifts 





Carbon 
Solvent disulphide Acetone Acetonitril 


ref. peak* 
Solute (cm~') Av/v, Av); 


0 


isoPropyl benzene 758° 0:0077 0-010 
1 :4-Dimethyl benzene 793-6 0-0073 0-012 
| :4-Diisopropyl benzene 828-, 0:0061 0-0086 
| :2:3-Trimethyl benzene 764°. 0-010 0-013 
1 :3:5-Trimethyl benzene 834: 0-:0048 0-0078 
1 :3:5-Triisopropyl benzene 868°, 0-002 0:0046 


Naphthalene 780-. 0-012 0-0145 


) 
3 
2 





* All frequency shifts reported are relative to the frequency in carbon disulphide 
solution. 


The frequency shifts are all of the expected sign (“‘blue”’-shifts) and 
order of magnitude. 

In accordance with the idea of localized interaction developed 
above steric hindrance may sometimes become apparent. Its effect 
would primarily be expected with 1:3:5 substituted benzenes having 
bulky substituents. 

Thus in 1:3:5-triisopropyl benzene the aromatic H-atoms are 
likely to be more “shielded” from the solvent molecules; it is there- 
fore not surprising that this compound has the smallest 4 v/v, values. 


Experimental Details 

The spectra were recorded on a Grubb Parsons double beam infra-red spectro- 
photometer with rock salt prism and linear wavelength scale. The accuracy of the 
Av values finally obtained is about 0-5 cm~! 

It was found practical to relate all band displacements to the frequency ob- 
served in carbon disulphide solution. The spectrum of this solution was recorded 
almost simultaneously with the solutions in other solvents in order to insure the 
greatest accuracy. 

The choice of carbon disulphide as a reference solvent is justified 
that the position of these bands is nearly independent of the refractive index in 
non-polar solvents, the frequency shift in e.g. cyc/opentane being 0-0 to 0°5 cm 
Even in the vapour the frequency of the Q-maximum of /sopro 
1 :4-dimethyl benzene is shifted by at most | cm 


by the fact 


BAND INTENSITY VARIATIONS 


Theoretical Background 
If A, and A, represent the integrated intensities of a given band 
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of the compound in solution and as a dilute vapour, their ratio may 
be given by the relation 
Eenl EG (1) 
Here E.:; is the “effective” field acting on the absorbing molecule in 
solution and E£, is the electric field in vacuo. 
From the constancy of Poyntings vector the electric field E in the 
dielectric having the refractive index n is obtained as (9) 


Here as previously 1/« has been taken equal to n since for the 
frequencies considered the molecular orientation can be neglected. 
Thompson (10) introduced the ratio y for Eer:/E from which the 

relation 
(3) 


is obtained. 

Expressions for y have been given, starting from considerations 
valid for static or low frequency electric fields in non-absorbing 
dielectrics. 

It is easily shown that the two expressions for y usually found in 
literature (10) correspond to the (Debye) internal field factor 


5 


n* + 2 
rs") 
or the (Onsager) cavity field factor 


3n? - 
& (5) 
However, relation (4) holds only for undiluted liquids. In solutions 
containing an absorbing solute in a transparent medium a phase- 
shift exists between the cavity field £, and the reaction field Ere 
created by the polarizing effect of the polarized solute molecule on 
the surrounding medium 

If the internal field £; is taken to correspond to the effective field 
E.rr, it iS Necessary to find the factor y for the case of an absorbing 
molecule in dilute solution in a non-absorbing medium. This re- 


quires the introduction of complex quantities viz. E, Ey, E.. and 
or Ee, and A, = mn, (1 ix) where “fi, 1s the complex refractive index 
of the absorbing compound 
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As the medium (solvent) can be considered as transparent to a 

good approximation the cavity field £, will be in phase with the 
electric field in the dielectric E or E x e. Therefore: 


3n? 3n? 


2n* + , 2n* + | 


E ew! 


where 7 is the solvent refractive index. 
For the reaction field E,. it follows that: 


Moreover 


Ene Ee! 
2n* + | 


If Eere is written as Err . e+# where Err is the modulus of Ler 
and ¢ the phase difference with E the desired factor y is Eer:/E. 


Thus y? can be obtained from Eq. (8) as a function of n, n, and « 
viz. 


n*[ni(1 + x«*)® + 4n°(1 x) + 4)? 9 
9\9 9 9 9 9)9 9 9 9 ( ) 
(m§(1 +-«*)? +- 2(n? +- 1)n?2(1 — x?) + 4n®}? + 16{(n? — Lnix}? 
It is easily verified that this cumbersome expression reduces to 
Eg. (4) if « = 0 and nm, = n (undiluted non absorbing liquids). 
Finally the case «x = 0 but nm, #7” (mixture of non absorbing 
liquids) yields: 


an expression suggested by Barrow 

It follows that neither Eq. (4) nor Eq. (10) can be correct for 
the case of an absorbing molecule in dilute solution in a transparent 
medium. 

The relation (9) should be used in this case. As this relation con- 
tains amongst others the quantities m, and « pertaining to the ab- 
sorption band of the solute molecule y will vary through the 
absorption band. 





unlike Eq. (4) and Eq 
general predictions cannot be based on it 


; 


c oinations i . , and « V ics ine 


; 


es 
considerat ons tne 
on of naphthalene 


lvents. This band wa 


> cr 


Band areas were determined using a procedure described by 


RAMSAY (11) (method II of his article). It consists of integration of 
the major portion of the band and the addition of appropriate wing 
corrections. Because this procedure is based on a purely “Lorentz” 
band shape, we introduced a variable correction to account for the 
partly ““Gauss’’-type character of the bands measured* 
At the same time the band areas were calculated from the apparent 
alf-intensity width and the apparent maximum molar absorptivity, 
ng these into the Lorentz and Gauss equations and 
“weighted” mean. By varying the proportion of Gauss-type 
and adjusting the wing correction in Ramsay’s method 
excellent agreement could be attained between the 


ined in the two ways, giving us confidence in the final 


of the Lorentz and Gauss curves yields the following 


-intensity band width 
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apparent half-intensity 


apparent maximum mola 


band area in mol 


e constant 1-57 corrected by vy per cent 


in reference (11) 


We therefore troduced ine 
type character of the band 
For any particular value of x, Rar 


wing correction by a factor (1 x) 


correction (usually below 10 per cent) and 
the wing corrections are negligible. | 


found from a combination of Eqs. (11) ar 
(1 


Whenever a definite deviation from tl 
SO as to give agreement between t! 
i qd (13) 

As an example of this method we 


naphthalene in nitromethane 


Integrated Lorentz curs 
method 


Integrated Gauss cu 


We estimate the error of values thus obtained 
cent; the error of our final values, obtained by 
several measurements on two spectrometers shi 


per cent. 


Results and Discussion 

In Table 2 the experimental band areas A, for the 
of naphthalene in different solvents are given. The intensity factors 
F p (formulae (3) and (4)) and F, (formulae (3) and (5)) are also 
given, together with the quantities A,/F p and A,/F 9. 


SU cm : and 
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Integrated intensity of the 780 cm~* band of naphthalene. 
Test of theoretical intensity factors 





FD {./Fp 4./Fo 


2: 9\2 . 
| n < rounded rounded 
n 2 1 : on 


6180 0-15 5 6000 
6600 0-30 . 6500 


6100 
5900 
disu phide 55 6800 


Methylene 
6650 7000 


6400 
17 


100 . 
per cent per cent per cent 





naracter of absorption curve 


[he experimental data show that for the systems investigated 
— n® +-2 3n* ; 
both the factor 7 (4) and the factor 4 (5) are 

2n* + 


not correct 
lf Eq. (4) was correct the quantity A./F p should be constant within 
the experimental error estimated at +-3 per cent. Actually, however, 


seven combinations of A,/F » values are found to differ by 12-25 


per cent. which ts considerably outside the experimental erro! 


Thus Eq. (4) appears empirically as well as theoretically incorrect 

Similarly the factor given by Eq. (5) cannot be correct because 6 
combinations of A,/F, are found to differ by 11-17 per cent 

It can be shown that the use of “infra-red” refractive indices for 


; 


the various solvents in the 780 cm~! region does not materially alter 


this picture 

No data are available to check the validity of the new Eq. (9). It 
seems unlikely, however, that this relation though in principle more 
correct than its predecessors would account in detail for the solvent 


effects observed. Notably the treatment of the immediate surround- 


ings of the solute molecule as 2 continuum seems questionable 
In conclusion it may be said that the integrated intensities of the 


strong aromatic y-CH infra-red bands vary only moderately from 


| 
y 
) 


e solvent to another; the observed variations have no simple rela- 
tion with such simple solvent properties as refractive index, dielec- 
tric constant or dipole-moment. 
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SOLVENT EFFECTS ON INFRA-RED GROUP 
FREQUENCIES 
by 


J. BELLAMY 
I RDI Ministry ol Supply Wa tnam Abbey, ssex 


MANY studies have been made of the influence of solvents upon the 
positions of individual group frequencies, particularly in the case of 
X—H stretching vibrations. In most cases, an attempt has been made 
to relate the observed frequency shifts to some characteristic property 
of the solvent such as the dielectric constant or the square of the 
refractive index. Such approaches are typified by the KiIRKWoopD- 
BAUER-MAGAT (1) relationship but in general they are unsatisfactory ; 
more points lie off than on the theoretical K.B.M. line, and it ts 
necessary to postulate the existence of many different solvent/solute 
complexes to account for the discrepancies 

In this paper it is proposed to present a preliminary review of the 
results of an alternative approach to this problem which has been 
developed at Waltham Abbey (2, 3, 4). It occurred to us that it 
would, in the first place be interesting to find out something about 
the nature of these solvent/solute complexes, and that this might be 
very simply done by plotting the relative frequency shifts AV/V for 

1 a wide range of different solvents, directly against 
f some other solute in the same range of solvents 

he two solutes behave similarly in a solvent a 
smooth relationship should result, whereas marked deviations 


would be expected In instances in which d flerent ly pes | associawion 


were involved urther, if the magnitude of the shifts depended 


of the solvent such as the dielectric 

line would be obtained for all solutes plotted onc 
other. If however some other property such as the polarity) 
H link were involved each pair of solutes would yield 
ent slope. Finally, if it were a fact that the X—-H frequet 


Lit ed 


disulphide they 


by hydrogen 
the overall slope line o 
»proacn are sn 


ap} 
H stretching 
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of water, hydrogen bromide and decaborane in a wide range of 
solvents are each plotted directly against the corresponding values 
for pyrrole in the same solvents. Many other parallel cases with other 
X—H solutes have been studied with similar results (2). These plots 
lead at once to some rather unexpected conclusions. Firstly, the very 
small numbers of points which lie off these lines indicates that the 
type of association between an X—H link and any one solvent is 
essentially the same in all cases, and that this is as true of the almost 
non-polar decaborane as it is of hydrogen chloride. Secondly, the 
fact that a series of lines of different slopes are obtained, implies 
that some property of the solute—probably the polarity of the X—H 
bond—is also involved in determining the size of the frequency shifts. 
It is also particularly interesting to see that there is a smooth pro- 
gression in all cases from polar solvents such as ether in which hydro- 
gen bonding is occurring, down to non-polar solvents such as carbon 
100; 


x 
Go 
c 
& 
fo) 
x 
2 
4 





4v/vx10" 
Fig. 1. X—H stretching frequencies 
disulphide and carbon tetrachloride. The half band widths show a 
similar although less well defined progression. It would therefore 
seem that the association effect in these latter solvents differs only in 
magnitude rather than in kind from the cases of ether and similar 
solvents. In short it would seem that the frequency shifts in these cases 
arise primarily from purely local associations involving dipolar asso- 
ciation or a hydrogen bond, which in solvents such as benzene or 
carbon disulphide must be directed towards the a cloud and in 


carbon tetrachloride towards the chlorine atom of the Cl—C dipole. 
rhe dielectric constant of the medium on the other hand appears to 
play little or no part in determining the frequency shifts in these cases. 

As these conclusions are so much at variance with those of pre- 
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vious workers on solvent effects, we have sought for confirmation in 
a number of different ways. One obvious possibility is to carry out a 
parallel study on some other grouping such as the carbonyl linkage 
in which the direction of the bond dipole is reversed. In so far as 
dielectric constant effects are concerned this should make no differ- 
ence to the relative solvent effects but if the mechanism is one of 
dipolar association the fact that the free end of the dipole is now of 
opposite sign would be expected to lead to profound changes. In fact, 
it is already known from the work of BayLiss, CoLe and Litt te (5) 
that the relative effects of solvents on carbonyl groups are totally 
different from those found with X—H bonds. For example ether has 
only a very small effect upon carbonyl frequencies whereas in chloro- 
form a relatively large shift occurs. In the cases of X—H bonds the 
reverse is true. We have confirmed these findings over a wide range 
of different types of carbonyl compounds (3). In Fig. 2 the results are 
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Fig. 2. Carbonyl stretching vibrations 


shown of plotting AV/V values for carbonyl frequencies in different 
solvents against those of a standard ketone. These are only a few 
typical examples from the large number of carbonyl compounds 
studied. It will be seen that the overall pattern is as before, although 
the order in which the various solvents fall along any one line is 
now different from that found in Fig. 1. Here again then, some 
common mechanism is operating and the fact that each compound 
has its own individual line indicates that some properties of both 
the solvent and solute are involved in determining the frequency 
shift. The fact that the slope of these lines increases markedly with 
the polarity of the carbonyl link suggests that, as with the X—H 
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link this is a controlling factor and that the shifts arise as before from 
a local dipolar association between solute and solvent. 

The observation that the relative efficiencies of the various solvents 
in producing frequency shifts are different from those found for the 
X—H series not only eliminates dielectric constant effects as a major 
factor but suggests a useful application in structural diagnosis. 
All the carbonyl compounds studied show a similar pattern of solvent 
behaviour, such that the relative frequency shifts give a straight line 
when plotted against the corresponding points for some other 
carbonyl compound. Bonds of a basically different type would not 
however be expected to follow this identical pattern so that the study 
of the solvent behaviour of a band might provide a definitive test 
by which it could be characterized. In the case of ethylene carbonate 
for example two strong bands appear in the carbonyl region, only 
one of which is believed to be a true carbonyl absorption whilst the 
other is an overtone or combination band (6). The frequencies of 
both of these bands have been measured in a variety of solvents and 
the relative shifts plotted against those of a standard ketone. Only 
one of these bands, that 1810 cm~', yields a straight line under these 
conditions whereas the other shows a random scatter. This method 
of identification of a grouping should be capable of considerable 
extension, and in the case of the carbonyl link for example it should 
be valuable in resolving such problems as the double absorptions in 
the carbonyl region shown by cyc/opentanone, and by the unsaturated 
lactones studied by NORMAN JONES (7). 

The concept that dipolar association or hydrogen bonding is the 
dominant factor in solvent shifts in the above cases rather than 
dielectric constant effects can also be supported by a study of the 
solvent behaviour of inter- and intramolecular hydrogen bonds. In a 
dimeric compound such as pyrrole dimer the hydrogen atoms are 
not available for association with the solvent, and the stretching 
frequencies should therefore be essentially independent of the nature 
of the environment despite the changes in dielectric constant. The 
observation that this is the case has already been made by JOSIEN 
and Fuson (8) and the constancy of this band presents an interesting 
contrast to that of the monomeric frequency which is strongly solvent 
dependent. In the case of the carbonyl frequency also, it is well known 
that the carbonyl frequency of the dimer is essentially constant in 
different solvents whereas the frequency of the monomer is not (9). 
We have extended this data by some further studies on the frequencies 
of intermolecularly bonded OH groups in different solvents. It is 
not readily possible to study alcohols in this way because of the ease 
with which transitions occur from dimeric to polymeric forms with 
lower frequencies, whilst the bands are also broad and not always 
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easy to measure with precision. In the case of the OH frequencies of 
oximes however the shifts are smaller and the problems of poly- 
meric association do not arise. So far we have been able to complete 
only preliminary studies in this field but it would seem that, in the 
case of a-benzoin monoxime at least the bonded OH irequency Is 
not dependent upon the nature of the solvent whereas, as expected 

> monomeric frequency occurs Over a wide frequency range 

Ihe case of intramolecularly bonded OH groups has also been 
considered. Here the problem is more complex as a second group Is 
present which is itself polar and therefore capable of association with 
the solvent. This secondary effect could in turn influence the strength 
of the intramolecular hydrogen bond due to an alteration in the 
charge at the atom to which the hydrogen atom 1s bonded. However 
such shifts will not necessarily be of the same order of magnitude 
or even in the same direction as those which occur in the case of 
monomeric solvent/solute association. In a study of the OH frequency 


of o-nitrophenol we find in fact that the frequency rises steadily as 


‘ 


} 
the polarity of the solvent ts increased. In normal hexane for example 


the band occurs at 3238 cm ~' and in acetonitrile at 3304 cm '. This 
would be consistent with a mechanism of solvent association in which 
interaction between the nitrogroup and the solvent reduces the nega- 
tive charge upon the oxygen atoms of that group, leading to a 
weaker hydrogen bond. The result is however directly opposed to 
that which would be expected if the mechanism was simply one of 

‘tric constant change, as the solvent shifts would then be 
expected to occur in the same directions as in monomeric phenols. 

Finally, the relative unimportance of dielectric constant in these 
case be shown by studies of monomeric X—H bands in mixed 
solvents. Pyrrole for example can be shown to have three separate 
absorption bands in a mixture of the three solvents, carbon tetra- 

hloride, benzene and acetonitrile, provided the relative concentra- 
tions are chosen with care. As the concentration of acetonitrile is 
ncreased the proportion of the more weakly bonded complex 
that with carbon tetrachloride—is of course reduced until it finally 
vanishes but the three bands each occur at the same frequency as 
that at which they are found in the pure individual solvent and it is 
possib!e to observe all three at the same positions over quite a wide 
range of different solvent concentrations corresponding to a wide 
range of overall dielectric constant. 

Ihese findings therefore indicate clearly that solvent shifts in the 
cases studied arise from local dipolar associations and not from 
dielectric constant effects. They are thus in line with recent results 
in the field of solvent effects on reaction kinetics which are leading 
towards the same conclusion. It should be emphasized however that 
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at this stage our findings are limited to simple cases of stretching 
frequencies in molecules in which almost the whole of the molecular 
dipole is concentrated within the band under study. The situation is 
likely to become more complex in the case of deformation modes or 
of stretching modes in molecules which have a number of different 
polar links capable of solvent association. Even in the simpler 
cases studied we have observed a few instances in which more com- 
plex associations which are probably quadrapole in nature appear to 
be taking place (2) but which cannot be discussed more fully within 
the limits of this review. Nevertheless we believe that this new ap- 
proach to the problem of solvent effects upon group frequencies is 
one which has great promise for the further elucidation of the nature 
of solvent/solute interactions, and as suggested above it may also 
lead to improved diagnostic techniques based upon the characteristic 
pattern of solvent behaviour. 
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INFRA-RED ABSORPTION SPECTRA STUDY 
OF H-BONDING AND OF METAL-ELEMENT 
BONDING 


by 
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U.S.S.R 


|. HYDROGEN-BONDING IN SYSTEMS WITH NO 
m-ELECTRONS 


IN THE triatomic systems ... X—H X— the H-bond energy (£) 


is built up from the acceptor—donor interaction energy (£,) and that 
of the dipole (£,), 1e. £ E, + E,. Then the X—H bands 
of valence vibrations are but little shifted to longer wavelengths, 
slightly broadened and exhibit small integral intensity increase. 


In polyatomic or “polymeric” systems ... X—H....X—H 


X—H the valence vibration bands are farther shifted to longer 
wavelengths, more strongly broadened and their integral intensity is 
several times (5—10) as large as the free group band intensity. 

This strong broadening of the ...X—-H... group band of the chain 
is connected with the transfer of energy absorbed by it as a light 
quantum to the neighbouring bonds, which promotes rapid distribu- 
tion of absorption energy throughout the chain. This will result in 
the life-time shortening of a molecule when in excited vibrational 
state, which according to the uncertainty relation r 4E = A must be 
followed by the band broadening 

Our measurements (1, 2) of the integral intensities of valence 
vibration bands of the O—H, X—H groups (isatin, indigo, phenol, 
methyl alcohol, ethyl alcohol and 2—hydroxyanthraquinone) reveal 
their sharp rise (by a factor of 5-10) while changing from vapour 
into liquid or solid state. 

Appreciable rise in the intensities of valence vibration bands of 
the O—H and N—H groups contributing to the H-bond formation 
(with the E = E, + E, energy) can be accounted for not only by the 
X—H bond dipole moment increase but, mainly, by its change 
during the vibrational process. 

Considerable increase in the integral intensities is to be observed 
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only with the... X-——-H.... groups of polymeric chains. Appreci- 
able rise of the 5/5g derivative determining integral intensity change 
in the vibration process for the... X—H.... groups as compared 
to X—H appears to be connected with the linearity and symmetry 
of valence vibrations of H-bonded chain atoms as well as with the 
H to O mass ratio and with the anharmonicity effect coming into 
existence. Here, as in other analogous cases of vibration, the distance 
between heavy nuclei O <—> O (X <——> Y) changes slightly, whereas 
the H... O distance (H < --- >» Y) becomes almost as much shorter 
as the O—H distance (X-—-H) becomes longer. 

Under such conditions of course an essential change occurs in the 


effective dipole moment derivative value along the nuclear co- 


ordinate dependent upon the entire chain bonding. 

In triatomic systems X—H Y formed intermolecularly or 
intramolecularly in the absence of z-electrons the shifting and 
broadening of bands amounts to nearly 25-SO per cent of the 
effect of shifting and broadening of the valence vibration 
bands of the groups contributing to the H...X—H.... Y-chain 
formation 

lhus, the true characteristics of the H-bonding manifestation can 
be inferred only if the complexity of a chain link is taken into account 
and. particularly, if the tetratomic model —H ...O—H...O— is 
considered 

Hence, to develop further the H-bonding theory it is of necessity 
to interpret the tetratomic model H....X—H....Y in terms of 
quantum mechanics 

Any theory dealing with the H-bonding (as it manifests itself) 
founded upon the X—H...Y triatomic system analysis, and re- 
garding it separately from the molecule or the entire system, at best 
can claim to describe a few isolated instances or may prove completely 
untenable 


2. THE H-BONDING IN aw-ELECTRON SYSTEMS 


lt was the research work on vibrational spectra of acetylacetone 
conducted by us in 1948 that for the first time established violent 
shifting (into the 2700-3000 cm '-region) and broadening of the OH 
group valence band contributing to the intermolecular H-bond 
formation in an enol isomer molecule (3) 

This phenomenon was considered at that time quite uncommon 
and could not be adequately explained 

BAWN in 1932 (4) investigated the infra-red absorption spectrum 
of acetylacetone and, as he failed to find the O—H group band, in its 
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appropriate place, he came to the conclusion that the acetylacetone 
molecule is short of the hydroxyl group but that there is in it a 
hydrogen atom “jumping” among the oxygen atoms and the carbon 
of the methylene group. 

Bawn’s conclusion has proved to be invalid. The aforementioned 
phenomenon of strong shifting and broadening of the O—H group 
band contributing to the intermolecular hydrogen bond formation 
incorporated into the system of z-electrons could not be accounted 
for at that time in terms of current theories of optical manifestation 
of the H-bonding. Both the fluctuation theory and the predissocia- 
tion one took up the O—H...O bridge as something quite apart 
from the whole molecular system and predicted absence of strong 
broadening and abrupt shifting of the bands in case of the inter- 
atomic H-bonds at all. 

Eventually we have come to the following conclusion: in general 
the H-bonding is formed by three types of interaction: dipole, 
acceptor—donor with the participation of non-shared electron pair, 
and z-electron interaction 


EuE.+E. +E. 


The energy magnitude and the manifestation of a particular type of 


interaction are determined by the peculiarities of the groups contri- 
buting to the H-bond formation as well as by the features of the 
molecule as a whole. 

In the molecules with z-electrons the values of shifting, broadening 
and intensity change of the valence vibration bands of the groups 
contributing to the H-bond formation depend upon changing dimen- 
sions of the whole molecule (or system). No doubt a problem arises: 
how does the H-bonding affect the z-electron system; or what is 
the mechanism of z-electron system contribution to the H-bond 
formation? 

The mechanism of the hydrogen atom contribution to the z- 
electronic interaction of a molecule seems to be not uniform, but to 
depend upon the structure of the molecular system. One may suppose 
that the nature of such a hydrogen bond is due to the hydrogen 
atom electron ability (under certain conditions) to participate in the 
interaction with z-electrons of neighbouring atoms and transmit 
this interaction throughout the conjugated bond system, which in 
its turn favours sharing electrons in a molecule. 

In conditions under consideration, of course, the most effective 
interaction between H-atom and 7z-electrons of the system would be 
accomplished provided use could be made by its electron of the 
P-orbit. Then sharing of all the electrons in the cyclic structure 
would take place, which would be energetically advantageous. 
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Thus, from the present point of view, in forming the intermolecular 
H-bond in a molecule considerable alteration would occur in the 
valence states of atoms, in the energy levels of electrons and in the 
mode of their movements, the overall result being the appearance of 
different molecular orbits and consequently a fundamental change of 


p-Electron 


(b) 


Fig. 1. 


bonding characteristics. Thus, for example, in enolic isomers of 
acetylacetone, tropolone, etc. all the bonds in the ring change 
sharply (C—O and O—H having ceased to be ordinary o-bonding). 
Figure la shows it diagrammatically. 

No doubt, the P-orbit of the H-atom in a molecule will not 
correspond to the P-orbit of a free atom. It will be some transformed 
P-orbit responsible for the actual electron energy level in a molecule. 

Therefore we suggested (6, 7, 15) that the peculiarities of the 
H-bonding nature in compounds containing z-electrons (sharp 
shifting, strong broadening, decrease in band intensity, its great 
stability) can be accounted for by the fact that the H-bond formation 
involves direct contribution from the H-atom electron making use of 
the altered P*-orbit and, simultaneously interacting thereby with 
the z-electrons of all the closest neighbours and then, by means of 
the latter, with the z-electrons of the whole molecule. The trans- 
formation of the P*-orbit of the H-atom in a molecule is effected by 
its electronic cloud distortion in the direction perpendicular to the 
bonding (o —> 7). The H-bond incorporated in the conjugated bonding 
system gives rise to changing 7-electron interaction throughout the 
molecule and affects essentially the energy of the system as a whole. 

Owing to the z-electron contribution to the H-bond formation 
there appears an additional ring with z-electron interaction, which 
can be illustrated by the corresponding model of the potential box. 

It is also possible to consider a different mechanism of the 
X—H...group hydrogen atom contribution to the z-electron 
interaction of a molecule, or of the z-electrons system contribution 
to the H-bonding formation. The peculiarities of the H-bond nature 
in the systems containing 7-electrons can be supposed to be accounted 
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for by the H-atom P-orbit (shared by the P-electrons of neighbouring 
atoms) contributing directly to the H-bond formation. This being the 
case, the H-atom electron contributes only to the o-bond formation of 
X—H and account is taken of immediate contribution from the 
P-electrons of unshared pairs. This is diagrammatically shown in 
Fig. 1b. 

The possibility is not excluded, however, that in a number of 
cases the two ways of the H-atom contribution to the z-electron 
interaction of a system may coexist. 

It should be specially noted that in an excited electronic state of a 
molecule, the H-atom electron contribution (the transfigured P*- 
orbit being made use of) to the z-electron interaction of a system 
becomes much more plausible and effective. 

By comparing spectroscopic data for respective compounds 
whose intermolecular H-bonding is formed with or without z- 
electrons one may obtain a kind of estimation of the percentage 
m-electron interaction energy share in forming the H-bonding. 


E,) 100 E, 100 
E 


4E 


Such estimations, however, do not furnish absolute values of the 
H-bond energy in molecules with the z-electron interaction, but 
provide us with approximate values of relative energy shares of the 
m-electron interaction and with the O...H bond energy increment. 

(2) Our studies (S—11) of vibrational spectra (those of hydroxy- and 
amino-derivatives of anthraquinone, hydroxy- and aminoazo-com- 
pounds of tropolone and its deyivatives, hydroxynaphthaquinone 
etc.) have shown that in accomplishing the inter-molecular H-bond 
the energy values of the z-electron interaction as well as the shifting 
and broadening of the valence vibration bands of the groups 
O—H...., N—H.... depend upon: 

(a) existence of a unified system of conjugated bonds covering 
both the ring with the H-bonding and other parts of the molecule; 

(b) even number of members of this system; 

(c) coplanarity of the H-bond ring and the rest of the system; 

(d) if the z-electron interaction in the H-bond rings is appreciable 
and the above conditions are fulfilled, the character of a ring 
(whether it is five- or six-membered) does not seriously affect the 
properties of the H-bonding (shifting, broadening, energy of forma- 
tion, reactivity); 

(e) the w-electron interaction energy share, the amount of shifting 
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and broadening of bands also depend upon the number and mode 
of the z-electron distribution throughout the system; 

(f) the z-electron interaction energy share in the H-bonding 
formation amounts to considerable values and is of decisive 
importance in the molecules such as acetylacetone, tropolone, 
hydroxyanthraquinone, nickel, dimethylglyoxime etc. ; 


(g) the principal cause of the band broadening in the case in 
question being the transfer of the energy absorbed as a light quantum 
inside the molecule by means of the z-electron interaction along the 
H—X bond, the decrease in the life time of the molecule, when in 
excited electronic state, results; which, according to the uncertainty 
relation r.4E~h, must be followed by the band broadening. 


(3) In forming intermolecular H-bonding the intensity alteration 
depends upon the z-electron interaction energy share. With large 
energy shares of the z-electron interaction the integral band in- 
tensity remains either almost equal to that of a free group (a- 
hydroxyderivative of anthraquinone, tropolone), or drops below it 
(indanthrone). Such trend in the band intensity alteration is depen- 
dent upon the effective dipole moment derivative alteration along 
the normal nuclear co-ordinate involving all the bonds in conjugated 


systems 


3. METAL-ELEMENT INTERMOLECULAR BONDING 
IN MOLECULES WITH w-ELECTRONS 


The element—metal . . . element bonds form a vast class of chelate 
compounds playing an important part in engineering and nature. 

Our investigations (5, 6) of vibrational spectra of chelate com- 
pounds of acetylacetone and acetoacetic ester as well as the review of 
literature (12) made it possible to draw the conclusion as to the 
nature of the intermolecular metal—element bonding. With the 
(element—metal . . . element) bonding atoms of the metals Mg, Al, 
Cu, Fe, Li etc., possess valence electrons in the P-state or they may 
gain such a state at a small energy expenditure. On account of that 
the metal atom P-orbit contribution to the element—metal 
element (e—M ...e) bonding must be effected much easier than is 
the case with the hydrogen atom. 

Hence, the peculiarities of the intermolecular metal—element 
bonding are to be explained by means of the immediate simultaneous 
interaction of the metal atom P-electron with the z-electrons of all 
the atoms surrounding it (oxygen, nitrogen, etc.) and by means of 
ihe electron interaction of these atoms with the rest of the 7-electrons 
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of the molecule. Such a view upon the metal-element bonding 
features enables us to account for a sharp shifting of valence 
vibration frequency of molecules and for profound alterations in 
interatomic distances and physico-chemical properties of compounds. 

Thus, there is a natural analogy between the nature of the inter- 
molecular H-bonding and that of metal—element. 

It should be supposed that the term E£, in the expression for 
metal—element bonding energy E = E, + E, + E,.. . determining 
the contribution from the P-electron of a metal—atom to the z- 
electron interaction of the system is the decisive one 


4. METAL-ELEMENT BONDING FORMED WITHOUT 
ACCEPTOR-DONOR INTERACTION. LITHIUM BONDING. 
i i, 


It is of principal theoretical interest to study such type bonding as 


s - 


C—Li....C—Li...., B—H....B, Al—H....AlI, whose formation 
occurs without the least influence on the part of the acceptor—donor 
interaction. The formation of such bonding, however, cannot be 
accounted for by electrostatical interaction alone. Of special interest 


is the investigation of intramolecular lithium bonding C—Li. 


; 
C—Li. 

The pronounced tendency of lithium atom to form intramolecular 
bonding can be explained by its possessing only IS* completed shell 
and by its valence electron ability to move to the P-orbit (2S — 2P), 
it being possible for the lithium atom to make use of the P-orbit in a 
number of ways. Therefore the lithium atom electron may participate 
in intramolecular bonding much more directly than the hydrogen 
atom. To prove this the infra-red spectra of certain lithium organic 
compounds R—Li and Ar—Li have been investigated (the research 
has been carried out jointly with A. N. Ropionoy, T. V. TALALAYEVA 
and Prof. K. A. KOTSCHESHKOV). The compounds were synthesized 
by T. V. TALALAYEVA under the guidance of Prof. K. A. 
KOTSCHESHKOV. The main data have been published (13) 

The spectra of those compounds were obtained on the spectro- 
meter IKS—II with the prisms made of LiF and NaCl, for powders in 
petroleum jelly oil, vapours and solutions (Table 2). 

All the operations with organic lithium compounds beginning with 
synthesizing to the cell filling were carried out in dry nitrogen 
atmosphere. To measure the vapour spectra of those compounds a 
quartz gas cell was designed (I 200 mm) furnished with electrical 
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heating and windows of rock salt. The concentration of ethyl 
lithium, methyl lithium and pheny! lithium vapours sufficient to 
make measurements of the spectra possible was achieved by the 
residual pressure of 5 mm mercury and heating up to 70-80°C. 

To measure the solution spectra in all the cases a constant cell 
made of potassium chloride with the gap 0-1 mm thick was used 

The infra-red spectra of R—Li and Ar—Li compounds were 
compared with those of respective R—X substituted compounds 
tested on the same apparatus. In addition, the frequencies obtain- 
ed were compared with the evidence for compounds of similar 
structure. 

Analysis of the data obtained reveals that the number of bands 
characteristic of the valence vibrations of C—Li, their spacing, their 
intensity and broadening all depend on the state of aggregation of 
those compounds as well as on their concentration in organic 
solutions. This can be accounted for by taking into consideration 
that molecules of organic lithium compounds are associated in 
different ways. The foregoing is in complete agreement with the 
investigations of a number of workers where cryoscopic data are 
available showing that organic lithium compounds are to be found in 
associated condition. 

Analysis of the spectra presented in Table 2 unequivocally reveals 
association in organic lithium compounds when solid or in solution, 
this circumstance enabling us to trace the appearance of the lithium 
bonding between the molecules. 

Thus, by comparing the spectra of solid and vapour methyl 
lithium, ethyl lithium and pheny! lithium, one can easily observe in 
vapour spectra the disappearance of strong bands at 820-880 cm~? 
which are ascribed by us to the C—Li... valence vibration of 
associated molecules, whereas bands at 1050-1120 cm~? attributed 


to the valence vibrations of free groups persist. (Figs. 2, 3, 4, 5, 6, 7.) 


u 


Z> b £4 te rel Sx 
y . & : "4 J 
, , ! y ty “49 % 


oe 


’ S 
y f ] ‘am 
w(x) Ws . (CH 6,(CH) w( H 


—— 





1016 | 1370 
lt052 | 1383 


1490 





D. N. SHIGORIN 








1 spectra of ethyl lithium when solid in petroleum jelly oil (solid 
line) and when vapour (dashed line) 


In going from solid state to solutions in non-polar solvents the 


association characteristics must definitely change. Under such 
conditions the formation of associates combined with the overall 
dipole interaction decrease is energetically far more profitable. This 
can be carried out through forming different rings. Experimental 
evidence shows that the character and the extent of association of 
organic lithium compounds are due to their structure, to a particular 
solvent, as well as to the “‘age”’ of solution and to the characteristics 
solvent from which the organic lithium compound was 


ry stalized 
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pectra of ethyl lithium in benzene solutions at various con- 
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Fig. 5. Infra-red spectra of ethyl lithium in benzene solutions (0-8N solution) at 
various temperatures. (——— 23°C; —-—-—- 48°C; --- 75°C); NaCl 


prism; 
d= 0-Imm. 


. Thus in the spectra of freshly prepared solutions of ethyl lithium 
in benzene, toluene and m-xylene (ethyl lithium being recrystallized by 
cooling in the same solvents) bands typical of the C—Li free groups 


with frequencies somewhat in the neighbourhood of 1050 cm~! and 
1100 cm~? reveal extremely low intensity (in addition the band at 
1050 cm~* is poorly resolved because of strong solvent absorption 
in that region), whereas the bands attributed by us to the C—Li... 
groups in various associated forms at 926 cm~? are fairly intense, 
the band at 875 cm~* being but of moderate intensity. This points 
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Fig. 6. Infra-red spectra of ethyl lithium in hexane solutions at various con- 
centrations. ( 0-6N solution; ---0-4N solution; —-—-—- 0:27N solution); 
NaCl prism; d= 0-1 mm. 
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Fig. 7. Infra-Red spectra of dodecyl lithium in hexane solutions at various con- 
centrations. | 0-5N solution, - - - 0-13N solution); NaCl prism; d= 0-3 mm. 


out that in such solutions most of the molecules are associated, with 
one of the two types of complexes prevailing. On dilution the relative 
intensity of band 926 cm~! drops sharply while the bands at 875 cm~-!, 
1050 cm-! and 1100 cm~ rise in intensity. On heating ethyl lithium 
dissolved in benzene up to 70°C as well as at its exposure to light in 
nitrogen atmosphere one can observe identical change in the intensity 
of the bands in question. Band 875 cm~' can be supposed to be 
related to the group C—Li .... in dimers, whereas band 926 cm~! 
occurs in hexamers (Fig. 8). 

The examination of the spectra of ethyl lithium in hexane and 
cyclohexane solutions provide us with the evidence that the number 
of molecules not taking part in the association is larger than that of 
asscciated molecules, the association in those solvents bearing no 
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resemblance to that in aromatic hydrocarbons. Thus in the spectra 
of ethyl lithium in hexane and cyc/ohexane the bands of the C—Li 
free groups are extremely intense at 1050 cm~! and 1100 cm~-!, band 
926 cm~! appearing only in supersatured solution, whereas band 
at 877 cm~? is rather intense but its intensity drops as the solution is 
diluted. The dodecyl lithium dissolved in hexane behaves in a similar 
way. From this data we have concluded that the dipole moment of 
ethyl lithium measured in diluted solutions of hexane must approach 
the free molecule dipole moment. V. N. Vasilieva’s results estimated 
in our laboratory have demonstrated that in dilute solutions of 
ethyl lithium in hexane the dipole moment is 2 D while in 
benzene the ethyl lithium dipole moment is 0-77 D and does not 
change on dilution. 

It is of interest to note that freshly prepared benzene solution of 
ethyl lithium recrystallized and isolated from hexane yields a spectrum 
resembling that of ethyl lithium in hexane, i.e. characterized by 
intensive bands at 1050 cm~', 1100 cm~! and 877 cm~! and by an 
extremely weak one at 920 cm~?. 

In addition to that, in the case of ethyl! lithium in benzene solutions 
we have discovered bands in the 2750-2870 cm~! region which seem 
to be related with the CH, groups whose carbon atoms contribute 
to the intramolecular lithium bond formation. 

Thus one can draw a conclusion with respect to the C—Li valence 
vibration frequencies in the class of compounds investigated by us. 
For the free C—Li groups the bands representing valence vibrations 
are to be found at 1050 cm~! and those for the associated molecules 
over the 820-880 cm~! range and at 920 cm~!. 

An approximate estimation of the C—Li bond energy according 
to the 1050 cm~! valence vibration (the model of the harmonic 
oscillator and the bond energy vs. bond elastic constant curve being 
employed) yields 65 kcal (K = 3-09 « 10-° dyn/cm). 

On the basis of infra-red spectra analyses of organic lithium 
compounds we have discovered and investigated the lithium intra- 
molecular bond formation: 


fa) 


.C—Li.... C—Li.... 


The peculiarity of this interaction is that the carbon atom partici- 
pating in the appearance of intramolecular interaction possesses no 
unshared electron pair, which results in the impossibility of acceptor 
donor interaction (14). 

In the case under consideration the lithium atom electron seem 
to contribute directly to the intramolecular bond formation of the 
carbon atom with the other molecule of the C—Li group at the 
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xpense of its “free’’ share of electron density. The elucidation of the 


a 5 5 
C—Li....C—Li (B—H... B or Al—H ..... Al) interaction nature 
presents a significant theoretical problem. 

Hydrogen, lithium and other intramolecular bonds or inter- 
molecular ones are by their origin secondary chemical bonds. Strong 
chemical bonds result from a primary act of interaction of atoms, 
whereas weak chemical bonds appear as a result of alteration in 
their valence states on condition that the energy content of valence 
electrons of those atoms can provide for the formation of new 
chemical bonds. 

If the number of primary bonds capable of being formed by a 
particular atom is determined by its valence state (by the number of 
uncoupled valence electrons corresponding to this state), then the 
number of secondary bonds is determined by the valence state of this 
atom in a molecule and depends upon the structural features of the 
molecule as a whole and upon external circumstances. 
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SUMMARY 


This paper gives a brief outline of some recent results, obtained at our 
laboratory, of effect of pressure on molecular ultra-violet and infra-red spectra. 
The effects studied will be separated in two groups: pressure shifts (position 
effects), and pressure-induced bands (intensity effects); in the latter section 
some data will be presented concerning the “‘satellites’’ observed in the elec- 
tronic spectra of metal vapours in a highly compressed foreign gas; such 
atomic spectra closely connected with intermolecular forces can be considered 
as not too far remote from molecular spectroscopy and were included in this 
communication which was made consequently under the present title. 


The theoretical study of the effect of the solvent on the vibration 
spectra of a molecule (in dilute solutions) can be made along the 
following different approaches: (a) interaction of the studied molecule 
and its perturbers (b) interaction of the incident electromagnetic wave 
and a group of molecules composed of (1) the studied molecule 
alone and (2) the studied molecule and 1, 2... neighbouring 
molecules (c) after the study of (a) and (b) is completed for a given 
configuration of the molecules one averages the effects for all 
configurations. Sections (a) and (b) correspond to the different 
terms of the Hamiltonian perturbation; the treatment of section (c) 
is simplified by the “classical path” approximation and the use of 
the Born-Oppenheimer approximation for the separation of elec- 
tronic and nuclear motions. 

In the case of electronic spectra it is obvious that the perturbation 
of electron clouds exert a direct influence on the effect under investiga- 
tion and not, as in infra-red spectra, an indirect effect through the 
appearance of an electric moment due to the distortion of the 
electronic distribution. One may expect consequently more com- 
plicated pressure effects for electronic spectra. 

A compressed gas as a solvent is useful because: (1) the density may 
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be changed considerably (in relative value from | to, e.g., 500) under 
moderate pressures (from | to 1000 atm), (2) the order is more 
random than in a liquid and consequently some explanations may 
be simpler, in particular many effects may be in a first order approxi- 
binary collisions only, (3) collisions and distor- 

gas and in particulai repulsive 

liquid (the reduced temperature 


ty ol the Same yrdet as in 


be treated is concerned with “pressure shifts” 


A. SHIFTS OF SPECTRAL BANDS FROM THE VAPOUR 
(FREE MOLECULE) TO THE SOLUTION IN A COMPRESSED 
GAS (OR IN A LIQUID) 


hand 


at generally these shifts are much larger for a 


polar-active molecule than for a non-polar one. A theory for polar 
a a long time ago by KIRKWOOD-—BAUER 
3M Theory) (3). This theory is based on a very simple 


MOmMmcuic \ 


MAGAT (Kf 
model and t reason for such a simplification 1s easy to understand 
of the perturbation problem called (a) in 
s extremely intricate because it is intimately 


ure of electron clouds of the interacting 


he KBM theory is a theory using the 
which the solvent is considered as a “continuous 
the dipole moment of the active molecule, the 

ied located at a point and contained in a spherical 


the molecule ts treated as a classical oscillator 
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of a point dipole in a uniform 


where n refractive index, « dielectric constant, C is a con- 


Stant. 
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This formula leads to the KBM straight line of 4v/v, as a function 
of (n? |)/(2n? +- 1). Deviations from this rule were sometimes inter- 
preted, with interesting results, (e.g. by Mlle Josien ef al.) as 
indicating a solute—solvent association; but it was always understood 
that due to the oversimplified model of the theory such conclusions 
are not quite justified. 

An extension of the theory has been obtained in which the active 
dipole is not a point dipole (4) but we shall present mainly a develop- 
ment made along a different line 

In order to try to take into account to some extent the dis- 
continuous nature of the solvent an extension of the KBM theory 
has been recently given by GALATRY and SCHULLER (5, 6, 7). One 
assumes that the point-dipole moment of the polar active molecule 
contained in a sphere of radius a induces a dipole moment in each 
surrounding molecule, this dipole moment being considered also 
as a point dipole. With these simplifications a mean value of the 
backwards-induced field in the cavity is obtained which takes into 
account the orientation effect in the interaction (and also the effect 
of temperature through the Boltzmann factor). For further calcula- 
tions, at a later stage of approximation, the classical relations of the 
dielectric theory of a continuous medium are used for obtaining the 
explicit final formula for the wave length shift. Consequently, except 
for the discontinuous model of interactions, the same approximations 
as in the KBM theory are employed in the stages called (a) and (b) in 
the first paragraph. The theory applies as well to non-polar as to 
polar solvents. The final result contains the KBM term as a first 
approximation. The interesting point is that the additional terms are 
not generally small in comparison with the KBM term. The final 


formula is: 


Av e 


— (e’ +- yp\VAp + dp?) + ynpag? 
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Vo 


: effective charge 
dipole moment of the active solute molecule 
dipole moment solvent molecule 


anharmonicity constant of the active molecule 


(KBM term; a: radius of the cavity) 


. (with d: density) 
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| 
KT 
These results have a limited value for the absolute calculation of 

the shift since they are obtained from a theory neglecting the intimate 
origin of the shift, i.e. the interaction of electronic clouds. Neverthe- 
less they may have a better relative value than relation (1) for 
finding solute—solvent association. One convenient method of using 
formula (2) is to calculate the radius a from the experimental shift 
and compare with the mean Lennard-Jones radius of the active 
molecule. From data of Mile JosigN and SOURISSEAU (8) this test 
was made in the case of HCI in various solvents: the values of a 
range from 1-77 A to 1-57 A, values which are not very different from 
the Lennard—Jones radius 1-65 A; moreover they separate in two 
distinct groups, the highest values of a corresponding to non- 
associating solvent; for example CC1,, the lowest values to solvent 
like C.gH, which are more likely to associate with HCI (Fig. 1) 
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Fig. 1. Radius of the cavity calculated according to the theory of ref. (6) using the 
infra-red shifts of HCI in various solvents 
1. carbon tetrachloride; 2, chloroform; 3, 1,1,2,2-tetrachloroethane; 4, 1,2- 
dichloroethane; 5, 1,1,2,2-tetrabromoethane; 6, monobromobenzene; 7, mono- 
chlorobenzene; 8, benzene; 9, toluene; 10, 11, 12, o-, m-, p-xylene; 13, pseudo- 
cumene; 14, mesitylene. 


Il. Electronic Bands 

As has already been noted the phenomena directly connected with 
the structure of the perturbed electron clouds have a more compli- 
cated behaviour. Nevertheless a very simple formula was indicated 
by BayLiss (9) who assumed that the shift is proportional to the 
solvation energy of a classical oscillating dipole; under this assump- 
tion Bayliss arrived of course at a formula similar to the KBM 
formula: 

n* | 
c 


av,* 2n*+ | 


(3) 
with: 
f; oscillator strength of the optical transition in the absorbing 
solute molecule 
polarizability of the solute active molecule 
refractive index of the solvent 
a constant. 
This result leads to red shifts only and to a dependence of shift 
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on only one property of the solvent (the refractive index or the 
dielectric constant). 

It is at present well known from the enormous amount of data in 
liquid solvents that the experimental behaviour of the shifts is much 
more complicated. We want here to point only to the interest of 
using compressed gases as solvents, as experiment with these very 
simple solvents may lead to particularly striking results. 

OKSENGORN studied experimentally the shift of the ultra-violet 
absorption bands of benzene and some derivatives of benzene in the 
medium ultra-violet region, in dilute solution in gases compressed up 
to 1500 atm (10, 11, 12, 13, 14). The important point is that a variety 
of very dissimilar gases have been used (nitrogen, argon, hydrogen, 
helium); later results of ROBERTSON, BABB and MATSEN (15, 16) for 
solutions in nitrogen are in agreement with the data obtained by 
Oksengorn; it may be noted here that these authors have also studied 
the change produced by compression of a solution of benzene in an 
inert liquid like pentane (17) and recently extended their measure- 
ments to gases other than nitrogen (18) obtaining results also in 
reasonable agreement with those of Oksengorn. (See also the results 
of ref. (19)). 

Apart from a check of the relation between the ionization energy 
of the active molecule and the band-shift the data published by 
Oksengorn lead directly to the following conclusions: (1) the 
refractive index (or the dielectric constant) of the solvent is not the 
only factor determining the shift, indeed the experiment shows 
(Fig. 2), that the shift for the same reduced density of the solvent is 
greater in nitrogen than in argon, whereas the dielectric properties 
of these gases are very similar. (2) Examples of the blue shifts are 
observed in the case of helium as solvent (Fig. 3); this is in complete 
disagreement with the simple dielectric model; some results for 
hydrogen as a solvent which gives red shifts as for other gases are 
represented for comparison in Fig. 4. 

In addition to the “dielectric” theories mentioned above, two 
other types of theoretical approaches have been used in the case of 
pressure broadening and shifts of atomic lines. The collision theories 
take into account the time dependent change of phase of the active 
oscillator under the perturbing effect of one foreign colliding atom 
(time-dependent Hamiltonian); these theories are applicable to low- 
density gases where the particle may be considered as free between 
collisions. For denser gases a statistical theory has been developed 
mailny by H. Margenau, in which the movements of the atoms are 
neglected and the active atom is considered as perturbed by the 
resulting field produced by all the surrounding molecules of the 
perturber distributed statistically. 
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Fig. 2. Spectral shift 4A of the ultra-violet bands of a few organic compounds in 
solution in argon and nitrogen as a function of the relative density da of the 
solvent (in Amagat units) 
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Fig. 3. Bluc shifts 4A of the ultra-violet bands of a few organic compounds as a 
function of the relative density d4 of the solvent (helium) in Amagat Units. 


The basic idea in its simplest form of the “adiabatic” statistical 
theory may be summarized as follows: each electronic level of the 
perturbed atom is assumed to be displaced by an amount Je equal 
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Fig. 4. Some red shifts 4A as a function of the relative Amagat density of the 
solvent (hydrogen). 





to the interaction potential between this atom in a given state and the 
surrounding perturbing atoms; therefore the shift of a spectral line 
due to a transition between the ground state (0) and the excited 
state (1) is: 4v | de, | | Me, |, and, as the excited state is 
generally more strongly perturbed: (| de, | > | 4e, | ), and the 
shift is usually a red shift. In these theories for non-polar media the 
perturbing potential was considered as equal to the attractive 
dispersion London potential. The correct calculations consist in 
determining the shape of the perturbed band from which are ob- 
tained both the broadening (half width) and the position of the 
maximum (shift); these calculations rely on the assumption that the 
absorption probability at a frequency vg + 4v is proportional to 
the probability of obtaining a perturbation potential producing 4v. 
The result is that the shift should be proportional to the square of the 
density of the perturbing medium, when the perturbing potential is 
the London potential a/r®. 

This latter conclusion is not supported by the experiment results 
in the case of the resonance lines of diluted metal vapours in foreign 
gases at pressure up to 1200 atm or higher (2, 21, 22, 23). One finds 
a shift which varies much slower than as the square of the density, 
and even sometimes a reversal of the variation of the shift is ob- 
served (Fig. 5). We presumed that this behaviour was due to the 
action of the short-range repulsive potential produced by the over- 
lapping of the electron clouds; the total potential, taken e.g. in the 
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Fig. 5. Shifts of some resonance frequencies of alkali metals dissolved in gases 
as a function of the relative density of the gas (Amagats Units). The lowest 
curve, for each metal, corresponds to the shift of the ‘‘satellite’’. 
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h2 a 
Lennard—Jones form -,, ,. changes its sign for a certain value of 
a ia F ‘ 


the mean distance r and this produces the reversal of the shift. 
Complete calculations for a Lennard—Jones potential performed on 
an electronic computer give a reasonable agreement with experiment 
at moderately high densities up to 300 atm (2, 24, 25, 26). 

It was thought useful to mention here these older results, although 
the frame of the statistical theory from which they are obtained is 
much too simple, because the conclusion about the role played by the 
repulsive forces is probably qualitatively correct at moderate 
densities and is reflected also in molecular spectra (e.g. the blue 
shift for benzene derivatives in helium Fig. 4, as the polarizability 
and the London forces for helium are small and the repulsive forces 
can be predominant). 

The interpretation of the direction of shift as due to repulsive 
forces first presented for electronic spectra in ref. (24), was used later 
by Drickamer ef al. for explaining their interesting observation of 
red shift reversed to blue shifts in infra-red spectra of liquids and 
solids. 

Recently a theory of spectral shifts has been developed by 
OOSHIKA (27) for the particular case of molecular electronic spectra 
of dyes in solution; this theory is a general statistical treatment of 
spectral shifts, but containing a more intimate account of the 
molecular interactions, the displacements of the electronic levels 
being obtained by a perturbation method. 

The results concern polar as well as non-polar molecules (as 
solute or solvent) but the formulae obtained are somewhat compli- 
cated and difficult to apply, and so far as we know, no quantitative 
test of this theory has been made in the case of electronic spectra 
in compressed gases. Nevertheless, one may remark that for non- 
polar solvents this theory predicts red shifts only 

A statistical theory using a development, limited to the first term 
of the Hamiltonian perturbation for determining the displaced 
positions of the levels, was recently presented by LONGUET-HIGGINS 
and Pope (28); this theory leads to easily applicable formulae. 

The Longuet-Higgins theory is deliberately limited to non-polar 
solutes in non-polar solvents. It gives in that case only a red shift; 
so far as we know, no quantitative comparison with experiment 
has been yet published in the case of solutions in compressed 
gases.* 

From the data presented above it follows that for solutions in 
} 


* For tests of these recent theories, see ref (29), in which it is shown that the 


Longuet-Higgins theory gives reasonable results for solutions in A, N, and H, 
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Mf the last mentioned theories explains the 

* sometimes observed in that case 
“dielectric” theory has been given by 
nd COULSON (30): in this tneory the optically excited p irticle 
ined in a cavity of radius R surrounded by a 
electric constant K: the choice of K corres- 


} 


t to the attractive dispersion term of the statistical 


ter RK corresponds to a schematic representation 

es. The simplest case considered is the case of an 

a proton in the centre of the cavity and an 

hat the problem is treated for 

be in the dielectric (r > R), and not only 

rom the electrostatic field of the proton and the 

polarization field one computes the eigen-values of the system and 

obtains the displacement of the levels. For the more practical case 

of molecules the results presented by these authors are only qualita- 

tive but it is worth while to note here that this theory, together with 

the simple adiabatic statistical theory with repulsive forces, is the 

only one in agreement with the occurrence of blue shifts in the case 
of non-polar solvents like the compressed gases 


B. INTENSITY EFFECTS (PRESSURE INDUCED SPECTRA 


Infra-red induced vibration rotation bands 
This section will be treated very briefly because another paper or? 
the same subject is presented at this Conference. We will refer to this 
paper for more detailed description of the work of KETELAAR ef. a 


For some more details on our own work we refer again to ref. (1) 


(a) Diato 10? I? lwolecule 
CRAWFORD, WELSH and LOCKE (31) 
dde ation—rotation spectrum of 
dense state, where 


eighdouring molecules the symmetry is 


erved by Welsh in hydrogen were interpreted 


NDONK (32, 33, 34), who showed that the 


1) induction of a 


directional and varies 


; 

ly responsible for the 
distortion effect due to 
clouds, in the vicinity of each 


trongly directional and is mainly res- 


ponsible for the induction of the Q-branch; in a dilute mixture of 
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H, with a rare gas which does not possess any quadrupole moment, 
this effect is responsible for the whole induced intensity. 

Very important experimental results have been obtained by 
Welsh et al. on hydrogen gas, pure or mixed with other gases, as 
well as on liquid hydrogen, and also more recently on solid hydrogen 
where extremely sharp fine structure of the induced bands appear 
(see e.g. ref. (35)). 

In pure H, in addition to the appearance of the forbidden Ist 
overtone of one H, molecule WELSH ef a/. (36) observed also another 
band which was interpreted as due to “simultaneous” fundamental 
transitions in two different H, molecules undergoing a collision. 

Especially with non-polar gases several induced transitions and 
the simultaneous transitions may be quite weak, especially when the 
pressure is not too high, which may be advantageous as at moderate 
pressures only binary collisions play a role and also one can expect 
to observe bands which are not too much broadened by pressure. 
A triple pass optical cell for a pressure of 1000 atm and a total 
effective length of about 10 m was built at Bellevue. With this cell 
was recently observed the simultaneous transition in a mixture of 
N, + H, (Fig. 6). The 2nd induced overtone of O, which was 
already found in liquid O, at Toronto, was observed in the com- 
pressed gas (Fig. 7); the same difficulty was encountered as in the 
liquid, an absorption band of CH,, of atmospheric origin, existing 
in the compressed oxygen. 


(b) Mixtures of polar diatomic molecules with non-polar molecules 


In the case of polar molecules one can expect stronger induced 
bands because of the strong dipole moment induced by the high 


Fig. 6. Simultaneous infra-red transition in mixtures of N, with H, (optical path 
length of about 10 m) 
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was developed This quite general theoretical 


howed clearly that the total dipole moment of a 


nteraction molecule (A polar, frequen 
) oscillates with the frequencies v4, vg and 

the three effects mentioned above. The 
terpretation is played by the induced dipole 
nduced dipole moment in A, produced by the 
was also considered. But in a later discussion 


probiem it was pointed out by FAHRENFORT 
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(38) that the quadrupole moment of B may have a more important 
effect than the backwards induced moment. 

More recently the same theoretical approach has been extended to 
rotation frequencies (40). This is done by assuming that the wave 
functions for rotation are left unperturbed and it is shown that this 
approximation is reasonable in the case of the system HCI + Hg. 
One interesting effect predicted by these calculations and not yet 
observed is the induction, around the rotation frequency of the 
non-polar molecule, of both the infra-red and Raman types of 
spectra of the polar molecule. 

Simultaneous bands of a number of diatomic molecules like 
Br, or I, mixed with polar molecules in the liquid state were described 
by Ketelaar ef al. who proposed to use these bands for detecting the 
frequencies of molecules which are not easy to observe by other means 

Recent work at Bellevue by COULON (42, 43) is concerned with the 
study of HBr gas mixed with simple non-polar gases. Similar effects 
as with HCI and HF were observed; (Fig. 8) represents the induced 
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Fig. 8. Perturbation of the fundamental band of HBr by A and N, (induced 
maximum in the vicinity of the Q-branch) 
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central maximum in the fundamental band of HBr, mixed with 
A or Ng. (Fig. 9) shows the simultaneous transition in a mixture of 
HBr and H, (path length about 40 cm). 


I_BrH pure 84Am 

IL_H, pure 410Atm. 

IT_BrH +HPi.. S20Atm. 
id______ 6 70Atm. 
id 870Atm. 
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Fig. 9. Simultaneous transition (band A) in a mixture of the HBr with H, (band B 
is an overtone of HBr). 


(c) Polyatomic molecules 

In Toronto and also at Bellevue were studied some forbidden 
bands of CH, (1, 44). Extensive studies were made in Amsterdam 
and Toronto (38, 39) of CO, mixed with various inert gases. Strong 
induced effects were observed, which were explained as mentioned 
earlier in this paper, by the effect of the quadrupole moment; a 
theoretical scheme similar to the one proposed in ref. (37) was used 
but in addition to the qualitative developments presented in this 
reference, the calculations on CO, were extended far enough to 
obtain a quantitative estimate of the intensity of the induced band. 

Our recent work on polyatomic molecules is limited to the study 
of N,O gas in mixtures with other simple gases (43). In the system 
N,O + H, as in the case of CO,, several simultaneous transitions 
occur. We will mention here (Fig. 10) only one of these transitions 
which is of a special type, namely a transition at a frequency 
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(v, + v2) + vH,, resulting from the combination of the intra- 
molecular combination frequency v, + v, of N,O, with the vibration 
frequency of Hg. 
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Fig. 10. Part of the infra-red spectrum of a mixture of N,O with H,; the band at 
6920 cm~* is probably due to (vg + v,) + vHg. 


II. Electronic molecular induced bands 

Here we will only mention a somewhat extensive study made by 
J. Rosin (45) on different electronic systems of compressed oxygen 
extending from the ultra-violet to the red. Work on the same gas 
has also been made in Toronto and by FARHENFORT (38) on longer 
wavelength bands. 

J. Robin extended the measurements to pressures of about 
5000 atm, which permitted him to observe directly, on the gas, 
pressure effects on some bands which were considered for some time 
as pressure insensitive, and also to compare the spectra of the gas 
with the spectrum of the liquid (obtained from data of other authors). 
The results can be summarized as follows: 


(1) Red system *2' — 12: (see ref. (46)). 
In pure O, the intensity of the bands increases with density (the 


word “intensity” is employed only for reason of simplicity instead 
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of “‘optical density”’); there is no effect of a foreign gas. These bands 
are probably induced by collisions between 2 oxygen molecules. The 
effect of temperature is small as the total integrated intensity differs 
by a factor of about 2 only, at equal density, in the gas at 295°K and 
in the liquid at 90°K (Fig. 11). The integrated density increases 
first as the square of the density, then more rapidly, what is probably 
due to a covolume effect. The intensity of the wings increases even 
quicker; it is not clear whether this means that the wings are produced 
by triple collisions, the probability of which varies more rapidly with 
density than the probability of binary collisions. The effect of 
temperature is mainly limited to the wing (broadening), which may 
be explained on the basis of a shorter life time at higher temperatures. 


(2) Visible and ultra-violet system: 2(°2 M*4)... 0B... 
(from 6500 A to about 3000 A). 


























P, Amagats 


Fig. 11. Red band of oxygen at 7620 A. To the left: absorption coefficient « at the 
maximum, divided by the density p; R, and G,, are the best values for the liquid. 
To the right: Shape of the band at the same density in the liquid and in the gas. 


The behaviour of this system is quite similar to the behaviour of 
the system just described in section (1), with the difference that the 
effect of foreign gases is small but not negligible. An example of the 
increase of intensity for different values of the pressure is represented 
in Fig. 12. 

This system was attributed a long time ago to simultausnot 
double transitions in two O, molecules. The present data are ninoe 
disagreement with this explanation. 
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(3) Ultra-violet system #4, — *2Z.. 

This ultra-violet system previously studied at moderate pressures 
was considered to appear in one O, molecule distorted by a collision 
either with another O, molecule or with a foreign gas molecule or 
atom. Observations of J. Robin up to pressures of 1500 atm show 
that the triplet structure of these bands disappears at higher den- 
sities or at higher temperatures and only the heads of the bands 
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Fig. 12. The absorption coefficient « of the oxygen band at 3607 A in the gas 
under various pressures. 


remain and they coincide with the bands observed in the liquid by 
other authors. The variation of the intensity of the band is difficult 
to follow because of a superimposed continuous absorption 
developing and growing in intensity with pressure. The relationship 
of the high density bands with the Herzberg partly forbidden 
system *2') — *2, of the free molecule (which disappears at a 
pressure of a few atmospheres) has been discussed, but the conclusions 
are not yet definite. 

The example of the oxygen molecule shows what degree of 
complexity electronic molecular induced spectra may present. For a 
better understanding of the mechanism of electronic spectra in 
compressed gases the study of atomic simple spectra may possibly 
help. 
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C. INDUCED INTENSITY AND SPECTRAL SHIFTS 
(“SATELLITE” BANDS IN HIGH PRESSURE ATOMIC 
SPECTRA) 


In this section are classified some phenomena which consist in the 
appearance of a new band and the shift of this band as a function of 
pressure. The quantitative study of the intensity has been generally 
lacking until now and therefore this classification is somewhat 
arbitrary but still seems useful. 

In low density metal vapour (Hg or alkali metal) mixed with a 
foreign gas, there sometimes appears at quite moderate pressures of 
the foreign gas (in particular in emission spectra), but more generally 
at higher pressures besides the normal resonance line (shifted and 
broadened to a band) another band which is called the “satellite” 
band and is always situated at the short wavelength side of the normal 
resonance frequency (2, 21, 22). 

In the case of the system Hg + A or Hg + N, the experimental 
study of J. Robin (2, 47) extends to a pressure of about 6000 atm of 
N, or A. Fig. 13 depicts the results obtained in the case of Hg + A: 
as the pressure rises the normal transition broadens and a satellite S, 
appears, which is quite strong already at 500 kg/cm? of A; at a 
pressure of 1500 kg/cm? a second satellite S, is noticeable and this 
satellite is responsible for the strongest peak at 6000 kg/cm’. 

There is no well established theory of these satellites at the present 
time, but we could like to mention here, as a working hypothesis, a 
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The “satellites” bands S, and S, near the resonance line R of Hg under 
various pressures of argon 
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tentative suggestion according to which the satellites would be 
produced by a simultaneous transition in combination of the 
perturbed electronic atomic transition of frequency vz and of the 
intermolecular vibration frequency of the oscillating atom in the 
potential well in which it is contained in a dense medium vy. 
Therefore the satellite frequency vs would be: vs vp + vim. 

Some support for this hypothesis is lent by the following features 
of the experimental results. 

The wavelength of the maximum of the satellite is, with increasing 
pressure of the foreign gas, first shifted to the red, then reverses and is 
shifted to the blue. In the frame of the above interpretation this 
shift corresponds to the perturbation of both vz and v zy, and has no 
simple meaning. The interesting quantity would be vs — vg. Un- 
fortunately this quantity is never easy to obtain because when the 
separation between the R band and the satellite is small the maximum 
of the R band cannot be determined at high pressures. But the 
result is that in all cases when the experimental values of vs — vp 
can be determined they first decrease, go through a minimum, then 
increase (Fig. 14). This behaviour is reasonable if v5 vr really 
represents vyy¢. Indeed vzy, would be the vibration frequency of, for 
example a K atom in a potential well surrounded by argon atoms. 
At moderate densities this well exhibits a surface with upward 
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Fig. 14. The distance in wave number between the normal resonance lines R, and 
R,. and the satellite S, in mixtures of Rb or K with argon. Below: va, — vr, 
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convexity maximum at its centre, and an increase of density makes the 
bottom of the well flatter, with a consequent reduction of the 
restoring force, and of the vibration frequency v;zy7. On the other 
hand, at high densities the bottom of the well exhibits a stable 
attractive minimum, and an upwards concave surface, and with 
increased density the curvatures increase giving rise to a stronger 
restoring force and to a higher vibration frequency. 

Even if the above interpretation proves to be correct, the analogy 
between simultaneous transitions in the infra-red and the one 
proposed here would not be complete. Indeed it is obvious that v;y4 
cannot be the intermolecular vibration frequency of the atom in its 
ground state. It must be associated as well with the vibration 
frequency of the atom in the ground state as with its vibration 
frequency in the electronic excited state. If the ground state is a Is 
state the electron configuration is of spherical symmetry and there 
is only one vibration frequency; in an excited 2p state the electron 
distribution presents an angular inhomogeneity and the oscillator 
is of the “anharmonic anisotropic” type with 2 force constants. 
This might be one of the possible reasons of the appearance of two 
satellites instead of only one. Some calculations along this line are in 
progress (by L. Galatry) and involve the computation of the restoring 
force constant, by a perturbation method, and of the electronic wave 
functions. This model taking into account the displacement of the 
atomic nucleus should give the pressure induced absorption, which 
is to be expected in addition to the absorption resulting from the 
Franck-Condon principle (atom with fixed nucleus). 

It should be noted that the above interpretation is limited to high 
pressure satellites because a potential trough exists in dense media 
only. Other phenomena which may occur at low pressures will not 
be dealt with here, as having an even more indirect connexion with 
molecular spectroscopy. 
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IN the infra-red spectra of compressed gases bands due to forbidden 
vibrational, rotational and electronic transitions are observed with an 
absorbance proportional to the square of the density. Also simul- 
taneous transitions do occur in which two molecules are simultane- 
ously excited. Both phenomena are caused by mutual deformation of 
molecules at short distances (collision pairs), mainly by electric 
polarization. 

The influence of pressure on the infra-red absorption spectrum of 
a gas or a vapour up to pressures of a few atmospheres is restricted 
to line broadening which causes the rotational fine structure of the 
vibration bands to disappear. At higher pressures in some cases some 
change in the integrated absorption has been observed too, for 
example, in CH, by addition of N, (20 per cent at 600 atm) and A (1). 

At pressures of 10-100 atm and above new phenomena are ob- 
served. First vibrational, rotational and electronic transitions which 
are strictly forbidden for the isolated molecule do nevertheless occur 
and give rise to pressure-induced infra-red absorption bands. Second- 
ly in mixtures of gases new bands due to simultaneous transitions 
are observed at frequencies which are the sum and difference of 
frequencies of both component molecules. These simultaneous 
transitions are also observed in liquid mixtures. 

The pressure-induced and simultaneous transitions are both 
caused by the mutual deformation of the charge distribution of the 
molecules at very short distances, that is to say these bands in com- 
pressed gases are due to collision pairs. The absorbance of the pres- 
sure induced bands in pure gases is proportional in first approxima- 
tion to the square of the pressure (density). For the pressure-induced 
bands in gas mixtures and for the simultaneous transitions the ab- 
sorbance is proportional to the product of the pressures (densities) 
of both components. This quadratic dependence permits to distin- 
guish pressure-induced transitions from weak bands arising from 
overtones and combination frequencies, but also from weak mag- 
netic dipole and electric quadrupole transitions. 
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CRAWFORD ef a/, (2) first reported the observation of the pressure- 
induced vibrational infra-red absorption bands in O,, N,, H, and 
of the Raman-active double band (», + 2v, in Fermi-resonance) 
of CO, at 1285 cm~! and 1388 cm~-! which appear in the infra-red 
absorption spectrum at 25 atm for 0-05 m path length. 

The spectrum of carbon dioxide and also of mixtures of CO, 
with other gases was studied extensively as a function of pressure 
and temperature by FAHRENFORT (3) and by GAIZAUSKAS and 
WELSH (4). 

In total ten pressure-induced bands and some new weak infra- 
red active combination bands, among which the hitherto unknown 
band 000 — 02,0 at 1337 cm~', the undisturbed 2v,, were observed. 
Also for acetylene pressure induced bands have been found by 
MINOMURA (5) 

The law governing the extinction of pressure-induced bands in pure 
gases and in gas mixtures, which takes the place of the ordinary 
Lambert—Beer law, is given by: 


log 7 log T/T. (a,d? i aod idx) 


with d4 and dy the densities of the absorbing gas and the foreign 


gas respectively and / the optical path length. The coefficients a, 
and a, are not the ordinary extinction coefficients and we will 
call them primary and secondary quadratic extinction coefficients 
to be expressed in Am-* x cm-! (Am = density in Amagat 
units) 

Analogous quantities can be defined for the integrated band in- 
tensities. A, = ja,(c)do, and A, respectively. 

The ratio a,/a, is a measure for the relative efficiency of the col- 
lisions between A and the foreign molecule XY, compared to those 
between two molecules A in inducing the forbidden transition. For 
the CO,-doublet without and with nitrogen added a,/a, 0-03. 
On the other hand for the induced vibrational transition in hydrogen 
at 4160 cm~! a,/a, 16-6, with CO, as foreign gas. Thus collisions 
of CO, with CO, are 33 times more effective than those of CO, with 
N,; also CO,—H, collisions are 17 times more effective than H.-H 
collisions 

These differences already indicate that the main interaction must 
be due to the large electric quadrupole moment of CO, arising from 
the two partial dipole moments and that exchange repulsive inter- 
action plays a minor role 

In line with this is also the very strong induction exercised by the 
addition of molecules with a permanent dipole moment such as 
HC! on the absorption of H, as found by COULON ef a/. (6, 30.) 


> 
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On the other hand the (forbidden) Q-branch of HCI appears in 
mixtures with N and A (COULON ef a/. (7, 30)). 

The fundamental vibrational band of hydrogen (0-1) with O 
(4/ 2), O(4J = 0) and S(4/J = 2) branches and also the over- 
tones 0-+2 and 0-3 have been very extensively studied by WELSH 
et al. (8) both in pure hydrogen and in mixtures with He, A and N, 
and up to very high pressures. At high densities the quadratic ab- 
sorption law is no longer obeyed, as triple collisions and multi- 
molecular interactions come into play. Welsh has extended his 
beautiful investigations to liquid and solid hydrogen and deuterium 
(9). 

The pure rotational absorption spectrum of hydrogen has been 
observed by KETELAAR and CoLpa (10) in the pressure range of 15 
100 atm and a path length of 100 cm. The transitions | —> 3 at 587 
cm~', 2 — 4 at 814 cm~! and 3 -> 5 at 1034 cm~ were found; the 
0 -— 2 transition is expected at a wavelength of 28 yu, outside the 
KBr region. The intensity is again proportional to the square of the 
pressure. The rotational transitions are also induced by foreign 
gases such as A, N,, CO and CO,, whereas helium has very little 
influence (Fig. 1). 

The observed change in intensities with temperatures is accounted 
for by the change in the population of the rotational energy levels. 
Hydrogen at a density of 44 Am and at 110°C did also exhibit 
an emission in the same spectral region with a dependence of the 
intensity from the density as calculated from the absorbance (pro- 
portional to the square of the density) with Kirchhoff’s law: 


A, 


(E, A and T are the emission, absorption and transmission). 

The halfwidth of the rotational band | — 3 is 200 cm~! at 25°C. 
This considerable halfwidth of a single rotational band can be seen 
as due to the limited lifetime of the collision pair equal to 4t = 1/4 

1-7 x 10-13 sec. For hard spheres this life time means that the dis- 
tance through which the two molecules in collision travel at relative 
velocity, is two times 2 A. Thus the action radius of the interaction 
would be 2 A. The halfwidth is proportional to 1/7 and also to 
\/(1/u) with » the reduced mass of a collision pair of a hydrogen 
molecule and a foreign molecule. Thus the halfwidth is proportional 
to the average velocity of relative translational movement or in- 
versely proportional to the time of collision, the time of flight over the 
radius of action. 

The pressure-induced rotational absorption spectrum of other 
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ydrogen. Quadratic absorption 


vely in 10 *cm~* Am~* 


diatomic gases than hydrogen and symmetrical molecules such as 
CQO, will be situated at very low frequencies e.g. in the microwave 


absorption has not yet been observed with certainty. 


However, BIRNBAUM ef a/. (11) have found abnormal absorption 


it 1-29 cm and at 3-30 cm proportional to the square of the pressure 
in CO, and in O, which might be due to this effect 

\ quadratic increase of the absorbance with pressure was already 
observed in oxygen in 1885 by JANSSEN (12). This was explained by 
BAUER (13) and by ELuis and KNeser (14) as due to the occurrence 
of a dimerization equilibrium with the formation of (O,), molecules. 
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However, SALOW and STEINER (15) first ascribed this absorptior 
collision pairs 

We have now found that the intensity of the *2’ -» '4 band at 
1-26 « is not only proportional to the square of the oxygen density 
but that it is also induced strongly by the addition of foreign gases 
such as CO, and thus it can certainly not be due to oxygen dimers 

The intensity of the band related to the transition . 
0-762 » on the other hand is only dependent on the first power of the 
oxygen pressure and independent on the presence of foreign gases 
This transition is thus not induced by collisions and will have to be 
ascribed to the weak, allowed magnetic dipole transition. 

From a comparison of the adsorption of compressed air and of the 


i 


at 


adsorption in the atmosphere at 1-26 u. We have concluded that the 
latter is due both to pressure-induced transition and to magnetic di- 
pole transition with a contribution from the first cause of 38 per cent. 

The fine structure observed (17) on the other hand is due to the 
contribution from the latter cause 


SIMULTANEOUS TRANSITIONS 


WELSH ef a/. (18) found in the absorption spectrum in the first 
overtone region of hydrogen besides the pressure-induced 0 2 
vibrational transition also an indication of a weak component at 


higher frequencies which was tentatively explained as corresponding 


to a double transition in which both H, molecules in the collisios 
undergo the fundamental vibrational transition 0 | 


taneously. 

In mixtures of gases, such as CO, with hydroger 
nitrogen, KETELAAR and FAHRENFORT (19) observed absorption 
bands which were absent in the spectra of other components. The 
frequencies of the new bands were within the limits of error equal to 
the sums of an infra-red-active band of CO, with the 


frequency of the diatomic molecule 


Table |. (FAHRENFORT, 19) 


4160 HSOY 








24? J. A. A. KETELAAR 


In pure gases the difference between a simultaneous transition in 
two molecules e.g. at 2w, and the first overtone in one molecule at 
2w, 4 w, due to anharmonicity will be small and thus simul- 
taneous transitions are difficult to detect 

lhe simultaneous transitions of the deformation frequency of CO, 
together with the vibrational frequency of O, and H, could not be 
observed as the corresponding section of the spectrum was obscured 
by absorption from bands of CO, itself 

[he absorbance of these simultaneous bands is again about pro- 
portional to the product of the densities of both components 

In a mixture of compressed CO, with a small amount of H,O or 
D,O vapour a new, strong, rather narrow band is observed at about 
the place where the Q-branch of the deformation frequency between 
the P- and R-branches is situated. Probably this band is connected 
with the formation of a complex between H,O and CO, with a large 
moment of inertia. Further study of the stretching vibrations will 
show whether this complex is a hydrogen bonded complex or the 
true carbonic acid 


O=C(OH), 


Simultaneous transitions have not only been observed between 
two vibrational degrees of freedom but also e.g. between a vibration 
(of CO) and a rotation (H, | — 3) in a CO—H, mixture (20) and 
between a vibrational and an electronic degree of freedom as in oxy- 
gen at 1-06 u where one molecule jumps *2 —> ‘4 and the other makes 
the vibrational transition 0 — 1 (21). This band partially overlaps 
with the normal combination band in which one molecule makes the 
change from the zero-vibrational *2 ground level to the '4 electronic 
level in the first vibrational state (16). The difference in frequency of 
both bands is due to the difference of the vibrational frequency in the 
2 and in the /4 states 

Double (and even triple) electronic transitions have been known 
for a very long time related to the absorption bands of oxygen in 
the visible (12, 15, 16) 


15,875 cm! 6299 A 
’ 20,905 cm-! 4770 A 
’ 26,295 cm~! 3803 A 
to be compared with 


DD 7920 cm-! 12.680 A 


- 15 13.070 cm-! 7623 A 
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The intensity is proportional to the square of the oxygen density 
and independent of foreign gases. From spectroscopic evidence it 
cannot be ascertained whether these are true simultaneous transitions 
in collision pairs (15) or transitions in weakly but distinctly bound 
oxygen dimers (13, 14). The decrease in the magnetic moment to be 
expected in the latter case would constitute a criterion to distinguish 
between both possibilities. 

In liquids KETELAAR and HooGeE (22) have observed first in a 
mixture of equal volumes of carbon disulphide and bromine in a 
thickness of 1 cm simultaneous transition bands at both sides of the 
strong infra-red active band of carbon disulphide at 1510 cm~?. 


obs. 1807 cm~—'; calc. ves, + vBr, 1510 + 306 1816 cm~ 


obs. 1204 cm-}; calc. ves, VBre 1510 306 1204 cm~? 


With CS, and such substances as CCl,, CHCl,, CCI,SCl, PCI, 
S,Br, etc., a simultaneous spectrum was observed which consisted 
of a series of absorption bands at frequencies equal to the sum of the 
1510 cm~ carbon disulphide band and the frequencies of the other 
molecules as known from the Raman effect. This simultaneous 
spectrum is to a certain degree the analogue of the Raman spectrum. 
Whereas in the latter the molecular vibrations are found superim- 
posed on the exciting mercury line in the emitted light, we find in 
the simultaneous spectrum the same vibrations superimposed on an 
absorption band but now in absorption 


MECHANISM 


The effects of pressure on the infra-red absorption spectra of gases 
are caused as already remarked by interaction between molecules at 
short distance. Up to pressures of a few hundred atmospheres only 
interaction between pairs is of importance 

MIZUSHIMA (23) has tried to explain the effect of pressure induction 
as due to the polarization of molecules through the electric quadru- 
pole fields of others. CRAWFORD ef a/. (2) however ascribed the 
effect to overlap or (repulsive) exchange forces as in the case of the 
vibration band of hydrogen the effect of nitrogen with a quadrupole 
moment is about equal to that of argon without a quadrupole 
moment. VAN KRANENDONK and BirD (24) have given a complete 
quantitative theory of the pressure-induced vibrational absorption 
in pure hydrogen and deuterium, and of the effect of helium. For 
pure hydrogen three effects are taken into consideration: (i) overlap 
forces, (ii) the polarization of the radiating molecule by the field of 
the quadrupole moment of the other molecule, (iii) the vibrating 
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quadrupole moment of the radiating molecule polarizes the sur- 
rounding molecules. 

[he three contributions are of about the same order of magnitude 
for H, 

In most cases e.g. the vibrational spectrum of diatomic molecules 
induced by CO, and the simultaneous transitions of these combina- 
tions but also the pressure induced pure rotational spectrum of 
hydrogen electric interaction plays by far the predominant role over 
distortion through overlap forces. This follows from the experi- 
mental evidence cited above, e.g. the high efficiency of CO, and the 


C 
extremely small influence of helium on the rotational spectrum of 


I ydrogen 
A simple reasoning will give the outline of a quantitative theory of 
simultaneous transitions. For the complete theory see (25, 29, 20) 
The total dipole moment of a pair of molecules A and B at a cer- 
tain distance and in a certain orientation is given by the (vector) sum: 


Vp 
oM \ Me r @ iF, a \Fp 


1 »M 4 ts the permanent dipole moment of A and ;M 4 the 
it induced in , a, 1S the polarizability of A and Fz 
lectric field acting in A and arising from B. Expansion tn a 

ations X4 and Xx from equilibrium results in: 


>M 


Now X,4 and respectively will vary periodically with the fre- 
quency v4 and vy. (X 4 and Xx are in general normal co-ordinates. ) 
Io each term in this expansion a definite meaning can be attached 


[he expression 


SM, Fp $4) 
of 


SX, > s ' ‘Sy, 75 


contains all first order terms with X,. All three terms if not zero give 
rise to absorption (emission) with the frequency vx. Thus even if vp 
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is an infra-red inactive frequency so that 5M,/5Xp = 0 the presence 
of molecule A will give rise to an induced absorption band as the 
third term will in general be different from zero even though the 
second term (MIZKSHIMA, (11) above) is also zero in first approxima- 
tion as the dipole contribution to the field from B does not change 
with a change of X, for the infra-red inactive vp. 

However in the case of A being a rare gas atom e.g. argon, with 
B, e.g. H,, the second term, but now with 5Fp/éX pg due to the change 
in the quadrupole moment of H,, remains (see (iii) above). 

The interesting terms however are 


OG A oF p ; OoaR oF 4 ; 
° \ A A B and . . xX As xX B 
ox 4 ox B ox B dX 4 


Assuming that B is a homonuclear diatomic molecule e.g. H, and 
that X 4 is the normal co-ordinate for an infra-red active vibration of 
A (e.g. CO,) then the first term is zero but not the second one. 

This last term, which constitutes a contribution to the dipole mo- 
ment of the complex can be written as proportional to 


oO F 4 


sin 27val. sin 27vpf 


| OaR OF « 
. 2) . 2) 

[cos 2™va + vp)t + COS Z7( va ! p)t] 

dX B dX A 


As the dipole moment now contains terms which vary with the 
frequencies va + vp and va vp, new absorption bands at these 
sum and difference frequencies are to be expected. 

For a quantitative theory we will have to sum over all distances 
and orientations of A and B taking into account the probabilities 
for each configuration and distance. 

Only for hydrogen dap/5X p is known from the absolute intensity 
of the Raman-effect 

5F 4/5X 4 can be derived from the absolute intensity of the infra- 
red active band of A involved (20, p. 90; 28). With the two values 
for H, for 5a/5X of 1-2 10~*® cm? (26) and 1-68 10~?® cm? (27) 
and taking also into account the small influence of the variation of 
the anisotropy of the polarizability CoLtpa (20, 28) obtained for 
CO, + H, for the integrated absorption coefficient A, the values of 
0-63 10-* and 1-2 10-* cm~? Am~? whereas Fahrenfort ob- 
observed 0-88 10-* cm~? Am~* (Table 1). This result shows that 
the simultaneous transitions with molecules like CO, are indeed 
mainly due to electric interaction. 
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The intensity ratio of sum and difference band can be shown to be 
(see Fig. 2) 


At room temperature no difference bands can thus be expected 
for CO, with Hy, O, or N, as Avg > KT. However in liquid mixtures 
of CS, with e.g. Br, both sum and difference bands have been ob- 
served and its intensity ratio corresponds very well to the formula 


given (22). 














Fig. 2. Energy levels for simultaneous sum and difference transitions 


The theory given closely resembles the semi-classical theory of the 
Raman-effect from Platzek. The reverse intensity ratio for sum and 
difference bands compared to anti-Stokes and Stokes lines is due 
to the fact that we have here absorption whereas the Raman-effect is 
emission. 


The origin of the pressure induced pure rotational spectrum of 


hydrogen in a mixture with e.g. argon is mainly the induction of a 
variable dipole moment in the non-radiating molecule, here A, by 


Table 2. Total integrated absorption coefficients A for the rotational 
spectrum of hydrogen at 25°C in 10-* cm-* Am~! (COLPA, 20, 28) 





Cal Cal Obs. 
(a) (bd) 


1-53 
39 


453 





Without (a) and with anisotropy of polarizability (b). 
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the electric field arising from the rotating quadrupole moment of the 
hydrogen molecule. Overlap forces play only a small role as shown 
by the very small effect of helium. The overlap forces of hydrogen 
are known to vary little with orientation. The result of calculations 
by CoLpa (20, 28) of the integrated quadratic absorption coeffi- 
cients compared to observed values for the three transitions | — 3, 
2 - 4 and 3 -» 5 together is given in Table 2. 

Here again at least 80 per cent of the observed value of the ab- 
sorption coefficient originates from electrostatic interaction. 

The study of the pressure-induced infra-red absorption spectrum 
of gases provides a valuable tool to obtain information on the 
molecular interaction even at moderate pressures. The advantage of 
this method of investigation over others lies in the fact that for the 
“forbidden” transitions the whole effect is due to interaction. For 
most other properties of compressed gases, e.g. absorption of active 
bands, we have to measure the rather small deviations from ideal 
gas behaviour. 
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SUMMARY 


Progress so far achieved in the study of adsorbed molecules by means of infra-red 
spectroscopy is reviewed. Particularly detailed results are available from two 
**model” adsorption systems (a) the physical adsorption of molecules on high- 
area silica and (b) the chemisorption of carbon monoxide on silica-supported 
metals. In each case information of direct importance has been obtained on the 
nature of the interactions of adsorbed molecules with the surface. They point 
to the great potential value of the infra-red spectroscopic method for studying 
adsorption, particularly when spectroscopic measurements and classical adsorp- 
tion measurements are made in parallel. 

The principal experimental difficulty to be overcome is the loss of radiation 
by surface scattering and absorption by the adsorbent. High-area adsorbents are 
required. These scatter less radiation in the form of microporous glassy solids 
than as finely divided powders, but useful results can be obtained with adsorbents 
in the latter form. With opaque adsorbents spectra are as yet only obtainable 
when it is permissible to separate the adsorbent particles by a transparent 
“supporting” medium. 


INTRODUCTION 

INFRA-RED spectroscopy is unique among the spectroscopic methods 
of determining molecular structure in that it can be used to study 
compounds in all the states of matter—gas, liquid and solid—with 
comparable ease in each case. As a result it is the first of these 
methods to be used extensively to study the structure of molecules 
adsorbed on surfaces. A few adsorption systems have now been 
investigated in considerable detail and it is an appropriate time to 
attempt a review of the progress to date, particularly as it seems that 
the method may become of major importance in the future study of 
both physical adsorption and chemisorption. Although some of the 
experimental difficulties to be overcome are still formidable, the 
reward of progress is likely to be great. 

The major part of this review will be devoted to the spectrosco- 
pic results obtained with two adsorption systems (a) the physical 
adsorption of various molecules on high-area silica and (b) the 
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chemisorption of carbon monoxide on various metals supported on 
silica. Each of these systems has now been investigated spectro- 
scopically in some detail and, although they are both somewhat 
favourable cases, the collected results do enable an assessement to 
be made of the scope of the infra-red method as applied to adsorp- 
tion. A number of other isolated papers have been published which 


are of considerable interest and these are reviewed more briefly 


EXPERIMENTAL REQUIREMENTS 


Absorption bands of measurable strength are usually obtainable 
from a layer of liquid from | to 100 uw in thickness, depending on the 
ntrinsic strengths of the absorption bands in question. Taking 10 A 
as an eflective thickness of a monolayer of adsorbed molecules of 
moderate size it follows that about a thousand traversals of a mono- 
layer by infra-red radiation are necessary to provide readily measur- 
able spectra. Radiation may be lost on each surface traversal (other 
than by the desired absorption by the monolayer) by surface scatter- 
ing and—for non-transparent materials—by absorption by the 
adsorbent. Although a number of adsorbents do not absorb infra- 
red radiation strongly, at least in certain important regions of the 
spectrum, the loss of radiation by scattering must always be present 
to some—often to a large—degree. Luckily, however, the scatter- 
ng by individual particles becomes greatly reduced at particle sizes 
less than the wavelength (A) of radiation used, and it is not very 
difficult to produce particle sizes smaller than the wavelength of 
typical infra-red radiation (i.e. of smaller size than | x). A finely di- 
vided material of this sort has necessarily a high specific area so that, 
n addition to having the required property of low scattering, it also 
will give absorption bands of adsorbed molecules at reasonably low 
pathiengths. It is this fortunate conjunction of high sensitivity with 
low scattering that makes the spectroscopic study of adsorption 
feasible. At the present stage it seems that high-area adsorbents with 
specific surface areas of several tens or hundreds of square metres per 
gramme are necessary to achieve spectroscopic results of acceptable 
sensitivity, although this requirement may be somewhat relaxed in 
the future. However in practice a layer of powder, although its 
individual particles may be less than A in size, still has very con- 
siderable residual scattering, perhaps because of the formation of 


agglomerates of effective size greater than the wavelength of the 
radiation. High-area adsorbents have been used which are in the 
form of porous glasses or gels and, from work on high-area silica 
to be discussed below, it seems that such a material scatters con- 
siderably less radiation than a powder of equivalent pathlength and 
specific area. This may be because the individual surfaces are 
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separated from each other more often than in the case of a layer of 
powder. 

Another advantage of working with a high-area adsorbent is that 
a sample of reasonable size for spectroscopic work will often adsorb 
measurable amounts of a gaseous adsorbate so that the spectroscopic 
results can be related to those of the more classical techniques for 
studying adsorption such as the isotherm. Such a correlation of 
spectroscopic work with fractional surface coverage, @, is greatly to 
be desired although so far it has been attempted in only a few cases. 


PHYSICAL ADSORPTION 

Adsorption on high-area silica. The first successful infra-red 
spectroscopic experiments on adsorbed molecules were carried out in 
Russia in 1949 using high-area silica in the form of porous glass 
(YAROSLAVSKY and TERENIN (1)) and silica gel (KURBATOV and 
NEUIMIN (2)). The group under Professor Terenin’s direction in 
Leningrad has since made the major contribution to the literature on 
the infra-red spectra of physically adsorbed molecules, although 
more recently workers from other parts of the world have contributed 
notable results. 

In the early experiments work was done with layers of either 
porous glass or silica gel several millimetres in thickness. Under these 
conditions the glass itself is transparent only in the near infra-red 
region (> > 4000 cm~*). It is now recognized that very often so- 
called “‘oxide”’ surfaces have a considerable number of chemically 
bound OH groups. In the case of silica surfaces, the SiIOH groups 
remain even after prolonged evacuation at temperatures in the 
vicinity of 400-5S00°C; most adsorbed water molecules are removed 
by such treatment. In the near infra-red region an absorption band 
at 7326 cm~' was identified as the first overtone of the v OH vibra- 
tion of surface hydroxyls at an early stage (2). It was found that the 
adsorption of a variety of molecules on to the silica surface caused a 
shift of this OH band to lower frequencies, corresponding to the 
formation of hydrogen bonds of various strengths between the sur- 
face OH groups and the adsorbed molecules. These shifts varied from 
10-20 cm~' for non-polar adsorbates up to a more than 1000 cm~! 
for acetone (3). At higher surface coverages new absorption bands 
due to CH, NH and OH groups of the adsorbed molecules could be 
observed (1, 2). Although much of the earlier work was done with 
fairly complex adsorbate molecules, some studies were made in 
1950-1952 by YAROLAVSKY ef a/. with the small molecules H,O (4), 
O, (5) and N, (5) adsorbed on silica. This pioneering work in the 
near infra-red region showed clearly the type of information obtain- 
able from infra-red studies of such adsorption systems. 
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During the last few years work has been concentrated on the longer 
wavelength absorption bands at the fundamental vibration frequen- 
cies of the surface OH groups and adsorbed molecules. In 1953 
Cuevet (6) showed that silica gel, after being heated to drive off 
adsorbed water, gave a sharp absorption band due to the fundamental 
vibration of surface OH groups which were presumed to be free of 
hydrogen bonding. In the same year PIMENTEL ef a/. (7) obtained an 
absorption band of D,O adsorbed on silica gel for a surface coverage, 
#, of less than unity; this was apparently the first paper in which an 
attempt was made to relate infra-red results with actual measure- 
ments of coverage. In 1954, SiporRov (8) published spectra in the 
region 4000-2000 cm~'! of a whole series of molecules adsorbed on 
porous glass and confirmed the main features of the earlier work 
in the overtone region. In 1955 Yates ef a/. (9) demonstrated the 
sensitivity of the infra-red method as applied to porous glass by 
observing the » OH band shifted by hydrogen bonding with 
adsorbed ammonia molecules at a measured value of surface 
coverage, @~0-014. In 1955 YosHino (10) observed changes tn 
the infra-red spectra of 1:2-dichloroethane and acetylacetone 
caused by adsorption of these molecules on silica gel. 

NikITIN ef a/. (11) have shown that the OH groups of porous 
glass can be converted to OD by reaction with D,O. They further 
demonstrated that the initial adsorption of H,O on porous glass 
(or D,O on the deuterated glass) caused new bands due to the 
adsorbed molecules but did not affect the intensity of the » OH 
(vy OD) bands of the surface groups i.e. that these molecules are 
adsorbed on to other sites than the surface OH groups. In 1956 
SiporROV (12) made a further advance in technique by studying the 
adsorption of a number of small molecules both on porous glass and 
on methylated glass, the surface OH groups of which had been con- 
verted to OCH, by a repeated heat treatment with methanol. It was 
found that the adsorption of methanol, water, ammonia, and chloro- 
form on porous glass occurred on two types of site. One is the surface 
OH group (as shown by the shifting of the vy OH band) and the other 


was tentatively identified as surface silica atoms. At sufficiently large 
amounts of adsorption the vy OH band is always shifted through 
hydrogen bonding, as observed in the earlier studies, but the mole- 


cules held to the surface in this fashion are rather weakly adsorbed 
and can be driven off by evacuation or gentle heating. When this has 
been done the surface OH band is reported to be restored to its 
original intensity, but the presence of the remaining molecules on 
sites of the second type is still readily shown by the persistence of their 
absorption bands, which usually have slightly different frequencies 
from those of the more weakly adsorbed molecules. 
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In the case of water, ammonia and methanol adsorbed on methyl- 


ated glass the only absorption bands found (12) correspond to those 


of molecules on the second type of site On porous glass itself, con- 
firming that the latter are not OH groups. However, in the case of 
methanol the strength with which these molecules are adsorbed is 
much less than for the unmethylated porous glass, showing that the 
change from OH to OCH, has at least a secondary effect on ad- 
sorption at the sites of the second type 

From among a considerable number of larger molecules adsorbed 
on porous glass SiDOROV reports that only phenol shows any sign of 
being adsorbed on two types of site (and the evidence here is in- 
direct) although all of them—ranging from hydrocarbons such as 
benzene to polar molecules such as acetone and pyridine—are 
adsorbed on OH sites as shown by the shifts of the surface OH 
absorption bands. Shifts also occur in the frequencies of the more 
polar adsorbed molecules which are consistent with them being 
attached to the OH groups by hydrogen bonds. Attempts were made 
to adsorb a few of these larger molecules on to methylated glass, but 
only in the case of pyridine did new absorption bands due to ad- 
sorbed molecules appear in the spectrum. To the reviewer this sug- 
gests that the sites of the second type are sterically less accessible 
than those of the first type (OH groups), a conclusion also consistent 
with the fact that methylation of porous glass reduces the accessibility 
of the second type of site for methanol and chloroform adsorbates. 
If, as was suggested (12), the second type of site is a surface silicon 
atom this presumably interacts with the adsorbed molecule through a 
lone pair of electrons in the latter. It is difficult to see—on this 
picture—why molecules with polarizable lone pairs such as diethy! 
ether and benzaldehyde are not adsorbed on such sites of methylated 
glass unless another factor, such as a steric factor, is operative 

SipoROV (12) also pointed out that the shifts in the absorption 
bands of the surface OH groups increase in the same order as the 
proton acceptor properties of the adsorbed molecules. More recently 
(1957) MCDONALD (13) has made an analogous study of adsorbed 
molecules on high area powdered silica. He reports exactly the same 
frequency (3749 cm "') for the absorption band of the surface OH 
groups as reported by Siporov for porous glass, and his results on 
adsorbed benzene, water and methanol are very similar indeed to 
those reported with porous glass. He also reports frequency shifts 
with small non-polar molecules such as methane, oxygen, nitrogen 
and the rare gases adsorbed on the OH groups at low tempera- 
tures. Combining the data from the two papers of MCDONALD and 
Siporoyv, direct evidence is provided for a remarkably continuous 


range of hydrogen bonding of the OH groups with frequency 
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shifts from 8 cm~! for adsorbed argon up to 850 cm~! for adsorbed 
pyridine 

McDONALD also measured relative integrated intensities of the 
shifted OH bands and showed that there is always an increase in 
intensity in comparison with the value for free OH groups, as is 
usually the case on hydrogen bond formation (14). He further pointed 
out that for adsorbed nitrogen the partial pressure at which the free 
OH groups disappear is considerably less than that at which a 
monolayer is formed on such a surface as deduced from adsorption 
isotherms. He concludes from this (like Sidorov) that the silica 
surface is non-uniform in its adsorption properties. 

Finally (1956) SHEPPARD and YATES (15) have also studied the ad- 
sorption of small molecules on porous glass at low temperatures, 
although in this work the emphasis was on the bands of the adsorbed 
molecules. The experiments were carried out under such conditions 
that the surface OH absorption bands were too strong to be mea- 
sured quantitatively. These spectra were allied with estimates of the 
surface coverage, 4, based on measurements of the amount of gas 
adsorbed, the area per molecule of adsorbate, and the specific area 
of the glass. Absorption bands were obtained from the v CH vibra- 
tions near 3000 cm~! of methane, ethylene and acetylene. The sensi- 


tivity was such that a readily observed band was obtained from ad- 
sorbed methane at about @ 0-01, i.e. for as little as 1/100 of a 


monolayer. 

The forces of interaction between the surface atoms and the ad- 
sorbed molecules were reflected in the frequency shifts of the CH 
absorption bands. Even more direct evidence for these forces was 
provided by the observation of two v CH absorption bands of ad- 
sorbed methane, one of which corresponds to the normally infra- 
red active frequency, v,, and the other to the normally forbidden 
“breathing” frequency, v,. The latter is forbidden because of the 
tetrahedral symmetry of an isolated molecule i.e. the appearance of 
this band results from a distortion in shape of the molecule by the 
surface forces. A similar “forbidden”? band was observed in the 
spectrum of adsorbed ethylene and, more significantly, the stretching 
vibration of adsorbed hydrogen was observed at the relatively low 
coverage of 6 = 0-2. A quantitative measurement of the strength of 
the latter band led to a direct (if approximate) estimation of the 
effective electrical field gradient at the surface of porous glass. 

The measurement of the spectrum of adsorbed methane under 
fairly high resolution also enabled an assessment to be made of the 
extent to which the adsorbed molecules have rotational freedom on 
the surface. Methane is a favourable case because (a) it is weakly 
adsorbed and approximately spherical in shape so that relatively 
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free rotation might well occur and (b) its low moment of inertia would 
lead to fairly extensive rotational wings on the v, absorption band if 
rotation is in fact occurring. The measured shape of the band ruled 
out the possibility that completely free rotation was occurring about 
three mutually perpendicular axes. It was, however, in close agree- 
ment with that calculated for free rotation about a single axis per- 
pendicular to the surface, although the possibility could not be ruled 
out that the band width was fortuitously that of a purely vibration 
band (i.e. without free rotation) widened because of surface forces. 

Alkali halide and other surfaces. Although the only detailed infra- 
red studies of physical adsorption have been concerned with silica 
surfaces, some results have been published which possibly correspond 
to the adsorption of polar molecules on polycrystalline alkali halides 
in the form of pressed discs. As an example of work of this type 
FARMER has studied the infra-red spectra of carboxylic acids in 
alkali halide disks (16). He finds that the spectra vary with the alkali 
halide chosen and differ from those of the same crystalline acids in 
the usual dimeric hydrogen bonded state. He concludes that the 
acids are in some cases directly hydrogen bonded as a monomolecu- 
lar layer on to the alkali halide surface. 

FRENCH ef al. (21) have also published infra-red spectra of some 


surface-active agents adsorbed from solution on finely divided 
bentonite, and of oleic acid adsorbed on fluorite. They incorporated 
the adsorbent—adsorbate system in alkali halide disks to reduce the 
scattering of radiation by the powders. 


CHEMISORPTION 

Carbon monoxide chemisorbed on silica supported metals. The first 
direct investigation of chemisorption by means of infra-red spectro- 
scopy was apparently made by EISCHENS, FRANCIS and PLISKIN (17) 
in 1954. In this paper and a more detailed subsequent one (18) 
infra-red spectra were described of carbon monoxide chemisorbed 
on the metals copper, platinum, nickel and palladium. 

In the form of coherent films, metals such as these are efficient 
reflectors of infra-red radiation, whereas in the finely divided con- 
dition (such as metal “blacks”) they are good absorbers. Such ad- 
sorbents would therefore seem to be far from ideal for the observation 
of spectra. However, these authors obtained workable transmission 
through a system in which fine particles of the metal were separated 
from each other by deposition on small silica particles (Cab-o-sil), 
and they were able to obtain absorption bands of the chemisorbed 
substance. The metal particles were stated to have a diameter of 
about 70 A in the case of platinum, and the silica particles were of 
diameter 150-200 A. It seems that infra-red radiation interacts with 
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ent number of these metal particles arranged in depth such 
surface adsorbed molecules (if, like carbon monoxide, they 

igh extinction coefficients) cause absorption bands of measur- 

gth. As the conditions of preparation of surfaces are often 

a critical factor in adsorption studies it is pertinent to add that the 


metal particles were produced by drying a deposit formed by a 


slurry of silica particles in a solution of a metal salt, first at room 
temperature, and then in vacuo at 100-200”, followed by a reduction 
in hydrogen at 200—350°. The last two steps were carried out in an 
in situ absorption cell. The samples were cooled to room temperature 
in an atmosphere of hydrogen, the hydrogen was purged with 
nitrogen, and then carbon monoxide was brought into contact with 
the sample. Spectra were measured after excess gaseous CO had been 
displaced by hydrogen or nitrogen. The powdered sample rested on a 
horizontal fluorite plate in the absorption cell and consisted of about 
8 per cent of metal in a layer of weight 0-012 g/cm*. After combined 
reflection and absorption losses the transmission of the sample was 

6 per cent near 5 p 

In the case of copper and platinum the chemisorbed CO gave 
strong and sharp bands at about 2130 and 2070 cm~! respectively 
which were clearly attributable to the presence of chemisorbed 
molecules linked to separate metal atoms as in (1) below. In addition 
much weaker and broader 


© 


M 


(11) 


1 could be attributed to 


absorption bands in the vicinity of 1800 cm 
chemisorbed molecules of type (11) by analogy with the spectra of 
bridged CO groups of gaseous metal carbonyls. However, with these 
two metals it is clear that sites of type (i) greatly predominate 
hese latter absorption bands were only removed from platinum by 
pumping for many hours at 200°C, showing that the CO is strongly 
adsorbed. Measurements on Pt were also made at different values of 
lated surface coverage, #, derived on the assumption that 
he coverage was that of a complete monolayer as the amount 
adsorbed CO did not change for a pressure range from 
mm. The relative amounts of adsorbed CO were determined 
by removing it part by part by oxidation with successive measured 


doses of oxyger t being assumed that oxygen is not chemisorbed 
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until CO is removed. From a detailed consideration of the strengths 
and wavelengths of bands at different coverages obtained with an 
adsorbed mixture of C##O and CO it was concluded that direct 
mechanical interactions occurred between adjacent adsorbed mole- 
cules for @ 0-66. As the spectrum did not change at low coverage 
there was no evidence for interactions of the type expected if ad- 
sorption affects the work function of the metal. No evidence for any 
considerable heterogeneity of the Pt surface was obtained 

Nickel and palladium differed very considerably from copper and 
platinum in that the strongest absorption bands corresponded to 
18) 


type (11) carbonyl groups; type (i) bands were much weaker (1 

[he overall breadth of the bridged carbonyl band was suc 

suggest t the molecules are bonded to the surface with a 1 

different strengths. Indeed as the relative amount of 

was increased the maximum of this band on Pd shifted 

frequencies in fairly discrete steps as if it consisted of three 

lapping bands of frequencies about 1840, 1890 and 1930 cm 

lower frequency component appeared at first, and the | 

quency one last. As the lowest frequency band is shi 

greatest extent with respect to the frequency of gaseous CO (~2140 

cm~'), it probably corresponds to the most strongly adsorbed 

molecules. The authors suggest that the three overlapping component 

absorption bands each correspond to a fairly homogeneou 

sites, plausibly to be identified with different crystal faces 

metal a single band due to linearly adsorbed CO of type (1 

only at high relative coverages of the surface, suggest 

type of adsorption only occurs on single metal atoms 

random pairing of sites of type (ii). Such molecules are 
pumping. The re 


those on palladiun 
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idsorbed on nickel. Both ethylene 
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showed absorption bands in the 3000 cm ' region which are almost 
entirely due to CH bonds attached to saturated carbon atoms, i.e 


’ 


1e double bonds have been removed in the chemisorption process 


I 
Chemisorbed ethylene has CH, groups as shown by the presence of a 


band at about 1450 cn and on hydrogenation CH, groups are 
formed as shown by the band at about 1380 cm ': suggested 


surface species are CH,—CH, and CH,—CH,. Hydrogen can be 


removed from the adsorbed groups by pumping, and some olefinic 
CH bands result rehydrogenation iS read 1) achieved. It is clear that 
this work is capable of much interesting development 

Some spectroscopic work has also been done on ammonia chem- 
sorbed on a silica-alumina cracking catalyst (21, 22). In the first 
attempt ( 


21) scattering losses were reduced by incorporating the 
catalyst chemisorbed species in a pressed alkali halide disc, but 
as shown later (23) the presence of the alkali halide led to anomalous 
results. Work directly on a finely powdered catalyst of this type (22) 
showed that some ammonia was chemisorbed on Lewis type sites so 
that X—NH, groups were formed, whereas other molecules were 
converted to NH, on the Lowry-Brénsted type of acid sites. It 
remained possible however that the latter adsorbed ions were formed 
by reaction with small amounts of water on the catalyst despite rigid 
drying precautions (19) 

Finally the reviewer's group at Cambridge have recently been 
engaged in some studies, as yet unpublished (24), of hydrocarbons 
chemisorbed on metals and oxides supported (so as to reduce 
losses) On porous glass rather than powdered silica. It is 


hoped that some of these results will be presented at the meeting 


CONCLUSION AND PROSPECTS 


+} 


he ci f molecules physically adsorbed on high area silica 
as been possible to obtain from the infra-red spectroscopic re- 
sults information about (a) the nature of the specific forces holding 
the molecules to the surface (hydrogen bonding, etc.) (b) the existence 
and nature of two types of site on the surface (surface heterogeneity) 
the degree of freedom of rotational motion on the surface and (d) 

t cal field at the surface. In addition it has been 
measurements at surface coverages much less 

For chemisorbed carbon monoxide on silica supported metals it 
has been demonstrated spectroscopically that (1) CO molecules can 


be attached to the metal surface in linear or in bridged complexes (2) 





INFRA-RED SPECTRA OF ADSORBED MOLECULES 259 


that in certain cases the surface is heterogeneous so far as both types 


of adsorption are concerned. 

Results such as those listed above are of direct and far-reaching 
importance. There can be little doubt that if infra-red data were 
available on this scale for a wide range of adsorption systems, present- 
day knowledge of the chemical and physical processes involved in 
adsorption would be greatly extended. The main criticism that can 
be made of the spectroscopic work so far published is that it is 
rarely allied to measurements of adsorption isotherms, heats of 
adsorption, and other classical data on adsorption systems. It is 
greatly to be hoped that such parallel studies of spectroscopy and 
adsorption will be made in the future. The great richness of the 
spectroscopic data on high area silica in particular would be of much 
greater significance if the new facts could be correlated with data on 
surface coverage and heats of adsorption. 

Experience so far obtained shows that if an effort is made to 
obtain adsorbents of moderately high area, then infra-red data can 
be obtained in regions of the spectrum where the adsorbent does not 
absorb radiation strongly. Loss of light due to surface scattering is 
not a serious problem when microporous glass-like adsorbents are 
used. However, it must be admitted that the great success so far 
achieved with high-area silica is in large measure due to the fact that 
it is available in this form. Nevertheless MCDONALD (13) has shown 
that useful results with more limited sensitivity can be achieved also 
with silica in the form of a fine powder. It may be concluded with 
reasonable confidence that physical and chemisorption work on 
powders of transparent materials will be supplemented considerably 
by spectroscopic investigations in the near future. Those adsorbents 
which can be produced as a “gel” or “glass” will be particularly 
accessible to spectroscopic study and it would appear to be worth- 
while to investigate the possibility of producing more high area 
adsorbents in this form. 

The problem of light loss is a considerably more difficult one when 
the adsorbent is also a strong absorber of radiation as in the case of 
carbon black, graphite and the metals. However, the pioneering 
work of Eischens and his collaborators at the Beacon Research 
Laboratories of the Texas Company have shown clearly that progress 
can be achieved in this direction also provided that (a) the adsorbed 
molecules have strong absorption bands and (b) that no complication 
to the adsorption system accrues from the presence of a transparent 
substance that supports and separates the opaque particles. By 
using modern infra-red spectrometers near to the limit of perform- 
ance it will undoubtedly be possible to achieve considerable success 
with this type of sample, even with fairly weak absorbers. However, 
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RECENT PROGRESS IN FREE RADICAL 
SPECTROSCOPY 
by 
GEORGE PORTER 


Department of Physical Chemistry, Sheffield University 


SUMMARY 


New techniques have revolutionized the study of the spectra of free radicals and 
flash photolysis, 


other unstable molecules. Some of the more important are 


matrix isolation methods and paramagnetic resonance. Recent progress is 


reviewed, particularly in the field of the electronic spectra of complex molecules 


LIKE THE SPECTROSCOPY of more stable molecules, free radical spectro- 
scopy serves two purposes. First, analysis of the spectrum leads to 
structural and energetic information about the radical. Second, once 
the spectrum has been assigned it provides a means of identification 
and—if the extinction coefficient can be determined—of quantitative 
estimation. But the place of spectroscopy in free radical chemistry 
is a particularly important one because it is frequently the only 
method by which this type of information can be obtained 

Recent progress in the field has been very rapid. Six years ago the 
only spectra which were definitely assigned to free radicals were those 
of diatomic molecules (1), if we exclude the stable free radicals which 
can be observed under equilibrium conditions such as NO,, ClO, and 
triphenyl methyl. The transient radical spectra which were known 
had been studied exclusively in the gas phase and mainly in emission, 
but the organic chemist ts particularly interested in the liquid phase 
and absorption spectra are more useful for the determination of 
radical concentrations and the study of kinetic behaviour. The 
absorption spectra of the closely related species—the triplet states 
of molecules—were unknown in solution and in the gas phase, and 
indeed it was not at all clear whether their detection would be poss- 
ible in fluid media. Finally the spectroscopy of transient molecules 
was confined to electronic spectra in the visible and quartz ultra- 
violet regions. All these restrictions have now been to a large extent 
removed, with the important exception that satisfactory general 
methods for the detection and study of radical spectra in the infra- 
red and microwave regions have still to be developed. 


Experimental Techniques 
It is often the case that a rapid advance in a particular branch of 
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science is a result of the introduction of a few special techniques 
and this is certainly true of the spectroscopy of unstable molecules. 
Experimentally there are two distinct problems in this field (1) the 
production of the unstable molecules in sufficient concentration and 
(2) the recording of their spectrum during the short period of their 
existence. Most earlier work on the spectroscopy of transient 
species solved both these problems at once by studying emission 
spectra in flames and electrical discharges. Here the dissociation and 
the excitation occur together and the low stationary concentration 
of the intermediates is of no consequence since the integrated in- 
tensity of emission over a relatively long period of time is the im- 
portant factor. The conditions necessary for excitation imply a high 
energy and consequently a rather indiscrimate series of chemical 
reactions with the result that most emission spectra consist mainly 
of diatomic and other simple radicals which are relatively stable 
physically. Nevertheless, by using carefully controlled conditions, 
the emission spectra of quite complex intermediates can be recorded 
and the electrical discharge has been used effectively by SCHULER 
et al., particularly in the study of aromatic free radicals (2). 

Other methods involve the separation of the radical production 
and detection processes and have the great advantage that they make 
possible the study of the time dependence and hence the chemical 
behaviour of the intermediates. Unless the radicals are stabilized in 
some way it is necessary to effect their preparation in a time which is 
short compared with their lifetime under the prevailing conditions, 
and only two methods are at present available for this purpose. 
The first utilizes the rapid heating produced in a shock wave. This 
is limited to the gas phase and is discussed by Gaydon in another 
paper at this symposium. The second uses a pulse of radiation and 
although, in principle, pulses of electrons, X-rays and y-rays might 
be used, the only application of this method which has so far been 
generally successful is that using visible and ultra-violet radiation— 
i.e. flash photolysis. Although there have been some modifications 
of detail the method is still essentially the same as that originally 
described (3). Attempts to produce flashes of shorter duration than a 
few microseconds have not been successful since, although flashes of 
a few millimicroseconds duration are possible, this is only achieved 
by a prohibitive reduction in flash energy. A major improvement in 
this direction would be of very great importance since it would make 
possible the study of the absorption spectra of all the excited elec- 
tronic states of molecules. Only metastable states of lifetime 10~° sec 
or greater are at present detectable in absorption. 

For the detection of the intermediates, once they have been formed 
at a suitable concentration, electronic absorption spectroscopy in 
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the visible and ultra-violet regions is still the most generally powerful 
method. The spectrum is recorded by flash spectroscopy and the 
photographic plate or by photoelectric detectors. The latter usually 
have to be employed at a single wavelength for each recording, 
which makes the mapping of a complete spectrum a tedious and 
rather inaccurate procedure, but photoelectric recording is very 
suitable for kinetic studies of the spectrum at a single wavelength. 
Scanning spectrometers have not yet a sufficient speed and sensi- 
tivity for the study of spectra whose lifetimes are of the order of 
milliseconds or microseconds. One of the most outstanding require- 
ments of free-radical spectroscopy is the extension of investigations 
to the infra-red and microwave regions since practically no vibration- 
al or rotational spectra of these species are known. Although the last 
few years has seen considerable advances in rapid recording infra- 
red detectors, response times of the order of 1 sec now being avail- 
able in the region out to 6 uw, they have yet to be applied to the 
spectroscopy of free radicals. The use of microwaves presents many 
practical difficulties and attempts to record the microwave spectra 
of short-lived species have not yet been very successful. 

Flash spectroscopy has recently been applied to the vacuum ultra- 
violet region by HERZBERG and SHOOSMITH (4), whose recording of 
the Rydberg spectrum of the methyl radical is a notable achievement. 
The conventional electronic flash has a good continuous spectrum at 
least as far as the fluorite limit and the extension of flash spectro- 
scopy into the region presents no serious difficulties. On the other 
hand the use of vacuum ultra-violet flash photolysis techniques 
involving the construction of flash tubes from sapphire (5) or other 
transparent material is more difficult and the problem of containing 
a high-energy flash without rapid destruction of the tube has not yet 
been solved. 

The most important spectroscopic development in this field is 
undoubtedly the recent application of electron magnetic resonance 
techniques to free radical problems. As yet the method has only been 
applied to stable radicals, or to systems in which unstable radicals 
have been trapped, and techniques have not yet been developed for 
the recording of transient spectra in low concentration although 
evidence about the rates of very fast radical reactions can be obtained 
from a study of broadening of the spectra. 


FREE RADICAL STABILIZATION 


The difficulty of recording spectra in times of the order of micro- 
seconds and with high sensitivity emphasizes the importance of 
methods for the stabilization of radicals for longer periods. Such 
methods have recently been developed and they provide a completely 





264 GEORGE PORTER 


new approach to the study of transient intermediates. Although 
stabilization automatically preludes the study of the chemical 
properties of the intermediate under normal conditions it enor- 
mously simplifies the problem of recording such physical properties 
as absorption and magnetic resonance spectra and in the many cases 
where rapid recording techniques are not possible it provides the 
only means of study. 

There are two major causes of instability in a molecule or a free 
radical. First it may dimerize rapidly, as most free radicals do, to 
form a stable molecule. This process may have a zero or even a 
negative temperature coefficient and occur with nearly unit collision 
efficiency. It can therefore only be prevented by keeping the molecules 
apart—by trapping them in a rigid matrix for example. The second 
class of reaction is dissociation of the radical or reaction between the 
radical and the matrix. Such reactions are almost invariably ac- 
companied by a considerable activation energy and can therefore be 
prevented by working at a sufficiently low temperature. If the radi- 
cals are trapped in an inert rigid matrix at low temperatures both 
conditions are satisfied and the radicals are stabilized indefinitely. 

During the last few years several workers have independently set 
about the application of these ideas to the stabilization of radicals, 
although different methods were used by each of them. The methods 
are of two main types: 

(1) The radicals are formed in a gas phase flow system by thermal 

electrical dissociation and the mixture of products ts then rapidly 
condensed on a cold finger (6, 7, 8, 9) 

(2) A rigid solution is formed at a very low temperature and the 
free radicals or other unstable species are formed in situ by irradia- 

yn (10, 11, 12 | . 

been examined by ultra- 
ra-red spectroscopy, and by paramagnetic 


Ihe observatio1 an be made at leisure 


I urs if the soiul 


rature of the glass, emission spectra which p1 
of recombination and other reactions which occu 
radicals are freed, are often observed. For many 
ogen is a Suitable refrigerant but liquid hydrogen 
ve also been used. The rigid matrix may be simply 
parent molecule itself—as for example when ice is irradiated at 
temperatures. In general a separate material must be used :¢ 
for this purpose, argon, nitrogen, paraffins and alcohols have been 
applied. If absorption spectra are to be recorded the matrix must be 
tran nt and form a clear glass with a minimum of scattering, as 


well as satisfying the requirements of inertness and of being a suitable 
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solvent. For visible and ultra-violet spectra these are stringent re- 
quirements but are reasonably well met by paraffin and alcohol mix- 
tures. These are, of course, rather unsuitable in the infra-red region 
where there are few really satisfactory matrix materials but fortunate- 
ly the lower scattering in this region makes the need for a clear glassy 
solution less essential. 

One other requirement of methods of the second type, involving 
irradiation in situ, is that quantum yields of photochemical processes 
and G-values of radiation chemical processes shall not be greatly 
reduced in rigid media. Experience so far indicates that this is not 
generally a serious restriction and dissociation in rigid solvents usu- 
ally occurs quite readily. 

Apart from its usefulness in the study of unstable molecules the 
spectroscopy of rigid solutions at low temperatures provides a 
wealth of new phenomena and is likely to become a major field of 
spectroscopic investigation. 


Spectra of Simple Polyatomic Radicals 

One of the main results of the application of the new techniques 
has been the detection, assignment and partial analysis of a number of 
the spectra of unstable polyatomic radicals. Those which have been 
definitely assigned are of two kinds. (a) Triatomic or very simple 
polyatomic radicals containing light atoms, whose spectrum can be 
resolved and interpreted sufficiently well to make an assignment 
possible by spectroscopic methods alone. (b) More complex radicals 
containing a conjugated system and having spectra with sufficient 
structure for identification purposes. In many cases of this kind 
unequivocal assignments are also possible on the basis of the study 
of a series of related molecules and investigations of the dissociation 
processes. 

With radicals of the first type definite assignments are 
nearly all are triatomic. CHO and NH, have been quite definitely 
assigned by RAMSAY as a result of flash photolysis studies of alde- 


hydes and of ammonia respectively and vibrational-rotational 


analyses have shown that both radicals have bent ground states and a 


linear excited state (14). PH, has been detected in a similar way 
during the flash photolysis of phosphine. The 4050 A system, first 


o be due 


‘ 


observed in comets and attributed to CH, is now known 
to C, and has been carefully studied by DouGLas (15). A similar 
system, probably due to SiC, is also known (16). Spectra assigned 
to HS, (17) and N, (18) have been observed during flash photolysis 
of H.S and HN, and the latter also from the photolysis of HN, in 
rigid media (19). The alkaline earth hydroxides CaOH, SrOH and 
BaOH have been observed in the emission spectra of flames. The 
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spectra of the important radicals CH, and HQ, still elude all attempts 
at detection 

The only spectrum of intermediate complexity which has been 
definitely assigned is that of the tetratomic radical CH,. HERZBERG 
and SHOOSMITH (5) detected its spectrum during flash photolysis of 
mercury dimethyl and of several other methyl derivatives and showed 
that it must have a nearly planar structure in its ground state. Its 
ionization potential, determined from the Rydberg series limit was 
9-84 eV. Other spectra of relatively simple radicals are observed in 
the fluorescence of vapours excited by radiatiédn in the vacuum 
ultra-violet region (22) but their identification is still rather un- 


certain 


Electronic Spectra of Aromatic Radicals 

The first free radical spectrum to be reported was that of triphenyl 
methyl, observed by Gomberg in 1900, and many other resonance 
stabilized radicals of this type have since been detected and studied 
in solution. These investigations seem far removed from those which 
have been discussed in this paper, which have so far been confined to 
gas phase studies of radicals containing only a few atoms. The 
organic chemist is often greatly interested in radicals of intermediate 
complexity and in their reactions in solution as well as the gas phase. 


For example we know quite a lot about the spectra and chemical 
behaviour of the very unstable methyl radical in the gas phase and 
the stable radical triphenyl methyl in solution. What of the radicals 
diphenyl methyl and phenyl methyl (benzyl) in both phases? 

[The spectra of many radicals of this kind have recently been re- 


ted and a number of them are now definitely assigned. They have 
observed in the gas phase, both in emission and absorption as 
as in ordinary solutions and in rigid glasses. Most of them have 
sharp characteristic band spectra which, although rather too 
complex for vibrational analysis, are ideal for identification pur- 
poses. As in the spectra of stable aromatic molecules the main 
spectroscopic interest lies in the positions ol the electronic energy 
levels rather than in structure determination. In this respect the 
benzyl radical is of considerable interest since information about its 
lower electronic states has been obtained in three separate ways. 


Emission spectrum. SCHULER and his colleagues have obtained a 
large number of emission spectra by excitation of aromatic vapours 
in the electrical discharge. The method is rather catholic in its pro- 
duction of radical spectra but by studying a number of related mole- 
cules it appears probable that some of the spectra belong to aromatic 
radicals and of these the so called “V" spectrum, with maximum at 
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4477 A, is the best studied. It was also detected by WALKER and 
BARROW (23) and has been assigned to C,H;CH,, C,H;CH, 
C,H;C and also to smaller species such as C,H. Recently SCHULER 
has supported the assignment to benzyl (2). 


Absorption spectrum. PORTER and WRIGHT (24) studying the flash 
photolysis of aromatic vapours detected a sharp band spectrum, with 
absorption maximum at 3053 A, from toluene, benzyl chloride and a 
number of benzyl derivatives. NORMAN and PorTER (11) obtained the 
spectrum from the same compounds by photolysis in rigid hydro- 
carbon glasses at the temperature of liquid nitrogen and PorTER and 
WINDSOR (25) obtained the same spectrum by photolysis of ordinary 
solutions at room temperature—the first case of the detection of a 
short-lived free radical spectrum in solution. STRACHAN (26) has 
recently extended the work in rigid glasses and has confirmed 
that this spectrum can be assigned unequivocally to the benzyl 
radical. 

The results of the emission and absorption experiments seem to 
conflict, but SCHULER has pointed out that emission spectra of poly- 
atomic molecules almost invariably arise only from the first excited 
State and that if this transition had a low probability it might not be 
observable in absorption so that the emission and absorption spectra 
might correspond to different electronic transitions. Dr. Strachan 
has recently confirmed this interpretation and the assignment of the 
V spectrum to benzyl by detecting this much weaker transition in 
absorption from rigid glasses containing the benzyl radical. 





32.760 cm~ 33.700 cm~-! 
(PORTER and (LONGUET-HIGGINS 
WRIGHT) and PoPLe) 


21.500 cm~ 
22,100 cm~! 22.330 cm~! ( BINGEL) 
(PoRTER and (SCHULER 
STRACHAN) and MICHEL) 27,900 
(LONGUET-HIGGINS 
and PoPLe) 





3y, 


Fig. 1. Experimental and theoretical values of lowest transitions in benzyl (states 
are labelled according to Longuet-Higgins and Pople). 
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Molecular orbital cal ulations These have been carried out for 
by Bincet (27). Dewar and LONGUET-HIGGINS (28), and 
INGUET-HIGGINS and PopLe (29). It is found that benzyl should have 
weak transition at long wavelengths and a stronger transition at 
ths. These predictions and the experimental observa- 
zed in Fig. | from which it will be seen that the 
these several approaches to the spectrum of 

is very Satisiactory 
s the simplest of a large number of aromatic radicals in 
h the electron is delocalized owing to the possibility of benzenoid 


id forms. Some of the absorption spectra of typical radi- 


nd which have recently been measured are as follows 
Radica Phase \ (max.) 
C.H.CH Gas. Liq. Glass 3053 (gas.) 
C’.H-.¢ HC.H Lig (slass 3345 (lig } 
pCH,.C,.H,CH, Gas. Glass 3100 (gas.) 
C.H.NH Gas. Glass 3008 ( gas.) 
C.H.O Gas. Glass 2920 (gas.) 

pHOC,H,O Lig. Glass 3940 (lig.) 25, 30, 31, 26 

radicals benzosemiqull one, 1s to be distinguished 

stable 1onized form which ts typical of a large 

quinone radicals. The spectra of the two forms are 

ed, have been recorded by flash photolysis of a 

of quinones and used to Carry oul detailed kinetic studies of 

ns (30). One of the interesting observations in this work 

spectroscopic measurement of the rate of proton 


aration from the durosemiquinone radical 


OH 


fate. Detection of the absorption spectra of the triplet 


ites of a number of aromatic molecules was reported at the last 


~ 


discussion of this group (32). Similar absorption spectra have now 
been observed in the gas phase following flash photolysis of aromatic 
vapours (33). Recently the absolute extinction coefficients have been 
measured for triplet—triplet transitions in a number of aromatic 


molecules and /-values have been determined (34). The electronic 
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energy levels and /-values of triplet transitions in the linear poly- 
acenes up to pentacene have been compared with theoretical calcula- 


tions of PARiseR (35) and agreement found which is probably within 
the combined errors of the experimental and theoretical values 
Much remains to be done in this field—particularly in the study of 


radiationless transitions between states of different multiplicity. 


resonance spectra. Paramagnetic resonance 1s, of 
course, limite its ipplication to molecules of the free radical 


class and prove one of the most powerful of all methods 


for their spectroscopic investigation. Electron resonance 


have been reported in aim 1 every conceivable type I 
but few of these spectra are understood or assigned M 


’ 


in interpreting the spectra has been made in the 

radicals and ions whose identity is known. One of the mo 
possibilities of the method is the inve 
trapped in rigid matrices and considerable ad 


been made in this field. The simplest and most ce! 


‘ 


of atomic hydrogen in irradiated solids (13, 36 


has now been fairly definitely detected in irradia 
droxide crystals (13) and in ice (36). MATHESON, SMA 


have obtained very good evidence for the presence of CH, 
irradiated at 4°K and of C,H, from ethane, ethyl chlorid 


lene under the same conditions and spectra have also beer 


to these radicals by other workers (37). Over a hu 
substances have been studied in this way and most « 
resonance spectra, but few of these spectra can yet be 


many of the reports are conflicting. Most of this work | 
during the last two years and there is no fundamental 

most of these spectra should not be assigned and interpreted 
near future 


So far paramagnetic resonance spectra have not been de 


7 


t 


the excited triplet states of molecules although condit 
which resonances were to be expected have been attained 
laboratories. The reason for the absence of resonance f1 
molecules is not entirely clear, and is of considerable 


Importance 


Conclusion 

None of the techniques which are now making m: 
tions to free radical spectroscopy was known 10 years ago 
remembered that, although relatively few radical 
known, the number of unstable molecules exceeds tha 


molecules the field is almost limitless and very rapid progress 1s 
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be expected during the next decade. Particularly interesting develop- 
ments should result from the further study of electron magnetic 
resonance, of stabilized radicals in rigid matrices and of the kinetic 
spectroscopy of unstable molecules including the triplet state. 
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STRUCTURAL ANALYSIS OF HYDROCARBON 
MOLECULES BASED ON THEIR RAMAN 
SPECTRUM 
by 
M. M. SUSHINSKII 


Lebedev Physical Institute, Academy of Sciences of U.S.S.R. 


THIS PAPER gives a description of certain results we achieved in the 
investigations to establish the relation between the Raman spectra 


and the structure of molecules. 

There is much literature devoted to the solution of the problem 
of correlation between the vibration spectra and the structure of 
molecules. It is a well-known fact that the simplest conclusions on 
the structure of molecules are made after establishing their symmetry 
In this case one usually proceeds from the data on the number of 
lines in the vibration spectra and from the qualitative data on their 
intensity and polarization. For comparatively small molecules these 
data are often sufficient to choose between this or that possible 
model and to establish the real structure of the molecule. But for 
complex molecules this method is scarcely effective 

The search for the solution of the problem of establishing the 
relation between the Raman spectra and the structure of complex 
molecules built up of many atoms has now two main trends. The 
first trend, which can be called theoretical, is based on the applica- 
tion of the methods of calculating the frequencies of molecular 
vibrations. The second trend rests on finding the regularities from a 
correlation between the Raman spectra of a number of similar com- 
pounds. This trend is, to a considerable extent, empirical 

The first attempts to use the calculation methods for determining 
the vibrations of molecules were rather primitive. They were usually 
based on substituting a rough model for the real molecule. This did 
not permit to allow for many important parameters. By the present 
time, however, strict methods of calculating vibration frequencies 
have been developed owing to the work carried out by ELIASHEVICH 
and STEPANOV (1, 2, 3), WILSON (4, 5), and by some other authors. 
The application of electronic counters made possible all the calcula- 
tions even for rather big molecules which have, for example, 20 
atoms (6). 

The second trend, which we mentioned above as empirical, uses a 
correlation between the spectra of a number of similar compounds for 
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eciding on the relation between the spectra and the structure of 
molecules. The main result which was obtained in this way Its 
he establishment of characteristic frequencies. It was found that the 

ctra of the molecules which possess the same characteristic 
roups of atoms, bonds, etc. often had some common or slightly 


lifferent frequencies. It is these frequencies concomitant to definite 


hemical groups in different molecules that were named characteristic 


The initial, very simplified concept of characteristic frequencies, as 
of the vibrations which involve only one bond or a small 


of atoms proved to be, to a considerable degree, erroneous 


mistakes and misunderstandings ensued from such simplified 
Nevertheless, in its essence, the comparative method, 

n finding the characteristic frequencies, does not 

any objection, and the availability of characteristic 

cies undoubtedly reflects important properties of molecule 


1any atoms. When rationally approached, 


ristic frequencies for deciding on the stri 


a number of cases, very posi 
ial importance 1s the systematic examination of entire classes <¢ 


molecules gradually becoming more and more 
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Figure | illustrates, on the example of normal paraffins, the 
possibilities which both methods have in establishing the regularities 
in the variation of frequencies. As is evident, the calculation method 
for the time being, cannot compete with the experimental one in 
examination of the vibration of complex molecules. Its réle, however, 
is very great in grounding common regularities in the spectra 

It should be mentioned that the possibilities of the comparative 
method were far from being used all-out, because the examination 
technique of the Raman spectra, when only one parameter-frequency 
was measured, was not sufficient. The further development of the 
comparative method became possible only after a strict technique 
had been worked out for the measurement of intensity, depolariza- 
tion degree and, a bit later, of the width of Raman lines, thus 
enabling us to compare the values of these parameters quantitatively. 

A detailed description of the measurement technique for the 
parameters of Raman lines and of the results obtained for many 
systematically examined hydrocarbons are given in a monograph 
written by LANDSBERG, BAZHULIN and the author (8). Below I use 
the data mainly from this book. 

From correlation between the spectra of the compounds which have 
common structural signs it was found out that in some cases, besides 
frequencies, also other parameters: intensity, depolarization degree, 
and width of the lines, remain invariable. As an example we give in 
Table | the data for the vibrations of the double bond C=C in the 
spectra of a-olefins (9, 10). It is important that the characteristic 


Table 1. Characteristic line of double bond C=C 
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possible to enlarge the frame of reference of the concept of characteris- 
tic features which had been defined in the investigation of frequencies, 
and to formulate the notion of characteristic lines which implies 
such lines in the Raman spectra which possess an aggregate of 
characteristic parameters (11). The notion of characteristic lines is a 
natural generalization of the notion of characteristic frequencies. 

The examination of the Raman spectra has shown that not all the 
branchings, combinations of branchings, or other specific features of 
the molecular structure, which are repeated in some similar com- 
pounds, lead to the appearance of characteristic lines in their 
spectra. Only certain specific groups of atoms or bonds (in some 
cases separate atoms and bonds) have characteristic lines in the 
Raman spectra. Such structural units whose presence in the molecules 
is accompanied by the appearance of a stable aggregate of characteris- 
tic lines in the Raman spectra can be given the name of characteristic 
structural elements of the molecule (11). 

The special réle of the characteristic structural elements is due to 
the fact that they are the structural units of the molecules which 
actually manifest themselves in the vibrations and through them in 
the Raman spectra. We emphasize this circumstance because one 
can visualize in complex molecules, which have many different type 


branchings, a variety of branching combinations, atom complexes, 
etc., to which, however, correspond no characteristic signs in the 
Raman spectra. 

The characteristic structural elements which we established for 
certain important classes of hydrocarbons are shown in Fig. 2. 


Fig. 2. Characteristic structural elements of certain classes of hydrocarbon 


A good example of a characteristic structural element is the 
complex of the form 
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which can often be found in the molecules of paraffins and of other 
hydrocarbons (quaternary carbon atom). In the case of paraffins 
which have a quaternary carbon atom it js Possible to note the 
following specific features of the Raman spectra as compared with 
other paraffins (see Table 2): (1) the lines which belong to 


Table 2. Characteristic lines Of quaternary carbon atom 
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M. M. SUSHINSKI 


re displaced in the 


cies and distingu ‘d by high intensity and 
aracteristic 
cm ‘' and 


haracteristic 


form 











STRUCTURAL ANALYSIS OF HYDROCARBON MOLF(¢ 


little to the region of lower frequencies as compared with normal 
paraffins, but this displacement is small and expressed 
than in the spectra of parafhins which have quaternary atoms 

The Raman spectra ol molecules built up of many atoms which 
possess several characteristic structural elements are in many cases 
formed additively from the spectra of structural elemer [he 


examples of such additivity are given in Table 4 


Raman spectra 








* Compare with Tables | and 2 


If in the molecule we examine there are several similar characteris- 
tic structural elements, the frequencies of their characteristic lines 


coincide in many cases. As a consequence the intensities of corres- 


ponding lines are proportional to the number of similar structural 


elements. A good illustration to this phenomenon are the lines whic! 


biiw\ All il 
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belong to stretching vibrations of CH, paraffin groups (see Fig. 3). 

It is very important to note that this additivity is not always 
manifested. In a number of cases there is a complicated and peculiar 
“interaction” of characteristic structural elements which is accom- 
panied by disturbances in the additivity. The most characteristic 


Fig. 3. Intensity of the line 2965 cm~' as a function of the number of CH, groups 
in the paraffin molecules 


disturbance in the additivity consists in the fact that in the spectrum 
of a molecule which has several characteristic structural elements 
there manifest themselves, first of all, the characteristic lines of one of 
these elements while the lines of other elements are attenuated or do 
not manifest themselves at all. Now we consider, as an example, the 
spectrum 2 : 2 : 4-trimethylpentane: 


The spectrum of this hydrocarbon has all the signs which indicate 
the presence of a quaternary carbon atom (see Table 2). Proceeding 
from the concept of additivity, one might expect that tertiary atom 
lines must also be present in the spectrum of this compound. But 
this expectation does not come true. Not all the lines of the hydro- 
carbon tertiary atom are available. Moreover they are weaker than 
the analogous lines in the spectra of similarly constructed compounds 
which do not possess quaternary atoms (see Table 3). The parameters 
of the line, which belongs to stretching full-symmetric skeletal 
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vibrations, entirely correspond to the quaternary carbon atom. The 
presence in the molecule also of a tertiary atom did not manifest 
itself in this respect in any way. 

If the vibrations of the dominating characteristic structural 
element are disturbed when the structure of the molecule is changed, 
the lines of other characteristic elements will manifest themselves in 
the spectrum more clearly. Such changes are often observed in the 
spectra of napthenes where the vibrations of the ring, in certain 
types of replacement, are disturbed and then the lines of other 
structural elements manifest themselves in the spectra. (11) 

The exposition of characteristic structural elements with their 
peculiar aggregate of characteristic lines is the first step on the way 
of establishing the correlation between the Raman spectra and the 
structure of molecules. The second step is the study of the regularities 
in the variation of the parameters of characteristic lines, i.e. the 
deviations from the characteristicity. Since each characteristic 
structural element is a composite part of the molecule, its vibrations, 
strictly speaking, are always the vibrations of the whole molecule. 
Therefore a change in the structure of the molecule, even not 
affecting this structural element, influences, to some degree, the 
values of the parameters of its characteristic lines. Such “deviations 
from the characteristicity” are of great interest to the establish- 
ment of the structure of the molecules. As an example, we can refer 
to GOUBEAU’s data (12) on the frequencies of the lines which corres- 
pond to the binary bond C=C vibrations in the spectra of olefins 
with different type of displacement. 

The utilization of lines, alongside with frequencies of other 
parameters, considerably enlarges the possibilities of using the 
Raman spectra to make conclusions on the structure of molecules. 
For example, when only frequencies for the lines in the region of the 
skeletal deformation vibrations were used (frequencies lower than 
500 cm~'), no regularities could be found in the Raman spectra of 
hydrocarbons. In this region there are always many lines of different 
origin. This makes interpretation of the spectra a very intricate 
matter. The utilization of the whole aggregate of parameters allows us 
to distinguish in this region a line which belongs to the deformation 
vibrations of the longest free chain found in the molecule. The line 
which belongs to these vibrations has the highest intensity, the 
largest polarization and the least width of all the lines in this spectral 
region. The frequency of this line is related to the length of the free 
chain by a simple empirical formula (see Fig. 4) 


AV (1) 
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400;-—- 


ll-symmetric deformation vibrations as a function of 
chain length 
(a) Five-member napthenes 


(b) Paraffins with quaternary carbon atom 


where m is the number of carbon atoms in the longest free chain 
(including the branch carbon atom from which the chain begins), 
a the value of which depends slightly on the type of character- 
stic structural elements in the molecule. Having established from 
aggregate of evidence the line in the region below 500 cm~! 
which belongs to the vibrations of the free chain, it is possible to 
find from its frequency, with the aid of Eq. (1) the number “‘m’’ and 
consequently the chain length. In the simplest cases, when the 
molecule has, for example, only one quaternary or tertiary hydro- 
carbon atom, the described way allows us to establish its position in 
the molecule and thereby to solve completely the task of determining 
the structure of the molecule 
Despite the complexity and peculiarity of their regularities, the 
Raman spectra give a rich material to make conclusions of structural 


nature. The presence of these or those characteristic lines in the 


spectra is an evidence of the presence of definite structural groups in 


the molecules under examination. In some cases the intensity of 
tic lines is proportional to the number of corresponding 

groups. The small variations in the parameters of the 

stic lines often make it possible to establish the position 

of this characteristic structural element in the molecule, the type of 
An aggregate of such evidence allows us to construct 


ibout the structure of the molecules under 


to solve in many cases the problem of 
re. As an example, we give in Table 5 a 
y! parafi ns. The schedule has been 


that the molecular weight and density 
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of the paraffin examined is known and the task is to establish its 
structural formula. Similar schedules of structural analysis have also 
been elaborated for five- and six-member naphthenes and for 
olefins. 

The schedules allow us to find the characteristic structural elements 
in a strictly definite order of sequence. This is due to the disturbances 
of the additivity in the spectra. As has been shown above, some 
characteristic elements “‘suppress” others, owing to which the general 
nature of the spectrum and the presence in it of one or another 
characteristic line is determined, first of all, by the dominating 
characteristic structural elements. As a matter of fact only when this 
interaction between the characteristic structural elements is taken into 
account can a general schedule of structural analysis be constructed. 
Without this we have only a set of structural signs the application of 
which does not settle the problem of structural analysis as a whole, 
although they can sometimes give favourable results. 

The schedules of structural analysis were tested by us on a number 
of hydrocarbons whose structures were exactly known. In these 
experiments we were given samples with an indication only of their 
molecular weight and density. The results of the test proved to be 
very positive. In Fig. 5 there are several examples of compounds 


Fig. 5. Examples of hydrocarbons whose structur 


Raman spectra 


whose structures were determined on the basis of the 
The total number of CH, groups is established by 

the line 2965 cm~? (/, 80 per CH, group). The 

chain is established by the frequency of the most 


and narrow deformation line from E« 
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Table 5. The schedule of structural analysis of paraffins 





Characteristi« Full-symmetric The main 
structural skeletal characteristic Additional signs 
element vibrations lines 


650-750 925 Frequency 1250 cm™!; 
(1300) quaternary atom at the 
The lines are 1200-1250 end of the chain; fre- 
strongly polari- quency 530 cm“ 
zed and narrow adjacent tertiary and 
quaternary atoms 


920-930 Lines 1020-1080 cm~! 

the presence of ethyl 

1160 groups in the branch 
(/, 7 20) 


800-900 


870-890 1300cm~! (the intensity 
is proportional to the 
number of CH, groups) 
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determination of crystal or polymer structures from measurements on 
dichroic ratios of known absorption bands, of which the direction of 
the transition moments are well characterized 

In view of the uncertainty in the direction of transitior 
is essential that studies of the first type must precede tho 
second. Whilst it is conventional and convenient to speak of DONG 
vibrations e.g. carbonyl, N—H, etc. the normal vibrations in poly- 


atomic molecules involve the movements of ; » atoms to some 


extent. especially those atoms whicl are adjacent to tne “bond” 


which is principally involved. Further, as is pointed out elsewhere 1 
this symposium (1) it is also necessary to take 
displacement of electrons as well as nuclei. These diff 
are inherent in the exact determination of directions 
moments in the free molecule together with the uncert 
tions, which occur between molecules in a crystalline ; 
interaction and coupling, limit the accuracy that it is possible 
achieve in determining the directions of bonds from polarizati 
measurements 

As the use of polarized infra-red radiation is very closely associated 
with solid state spectroscopy we review also some of the aspects ol 
this subject especially that of the propagation of infra-red radiation 
in solids, the selection rules in crystals and polymers, and 
consider the experimental techniques needed for sample p 
and measurement. In the polymer field attention 


influence of amorphous and crystalline regions and finall 


dependence of the structure of hig! polymers of natural origi 


their water content 


THE PROPAGATION OF INFRA-RED RADIATION IN 
CRYSTALS 


The propagation of infra-red radiation (2) u 


upon the complex refractive index, */ 
part of the refractive index and 4, the absorption index 
major role determining the veloc:ty of propagatior 


its attenuation depends on k. In general 


DOI 
al isolrop ¢ and are Irequenc \ depe ndent Ihe 


described ic] an Hipsoid wit! 
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le In general the directions of the 
will not coincide and will vary both in 


rection with frequency. «,;,, are the components of 


nd order tensor relating the electric displacement D to the 
E, i.e. D Je}, E,, where / and m represent x, y, Z 


If the crystal symmetry is high the situation ts simpler and 


may take x, y, zand have the following relationships (2) 


he absorption coefficient defined as the distance in 

nsity of the wave falls to 1/e of its initial value, and A 

of the radiation in vacuo. When k is small i.e. weak 

n, the familiar results that the dielectric constant Is equal 

ihe square of the real part ol the refractive index follows. The 
e index m is a consequence of the polarizability of the 

s or ions forming the crystal. It is necessary to distinguish 
electronic and atomic polarizabilities. The total polariza- 


by the sum (3) 


are the transition probabilities of the electronic 
the level a to 8 and of the vibrational transition 
h are constants. As v* is much less than v,% in the 
the first term is approximately constant over a 
of frequencies. However, the atomic polarizability 
very markedly especially in the immediate vicinity of an 
band. Consequently on the low-frequency side of an 
band the refractive index increases rapidly and leads to 
ity. Errors in absolute intensity measurements can 
from this phenomenon (cf. the Christiansen effect). (4) It may 
lat the term a,,* is directly proportional to the 

grated band area, |adv (see also 5) 
he optical anisotropy of a crystal depends upon the crystal 
it belongs. Cubic crystals are isotropic and hence both 
ndependent of direction. Tetragonal rhombic and 


yStals are uniaxial and a, Ne = Ne Ky ke = Ky 


tal face containing the OpUc AXIS IS sufficient to 
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allow a determination of k, and k, (= k,) by taking observations 
with the electric vector parallel and perpendicular to the optic axis 
Iriclinic, monoclinic, and orthorhombic crystals are biaxial 
present more difficulty. The direction of the components 

may not coincide and the relative direction may vary w 

Hence in studying crystals belonging to this group it is 


use several crystal faces. 


SELECTION RULES IN CRYSTALS 


In the solid phase the selection rules for atomic vibrations are 
dependent not only on the symmetry of the individual units, 1.e 
molecules or ions, but also on the crystal symmetry including the 
number of molecules in the unit cell. This results in changes in the 
frequencies of the original normal modes and especially in changes 
in the intensity of the absorption bands. HoRNIG (6) has shown that 
the complete harmonic potential for a crystal may be written, 


Vir + J(y? 


where V; 1s the lattice potential, V° is the energy of the free molecule, 
V; 1s the perturbation due to the crystal field, V;, is the interaction 
energy between the displacement co-ordinates of the jth and kth 
molecules, V ;;; is the interaction between internal and lattice modes 


The term V ‘ results in a shift in frequency and changes in intensity, 


whilst V;. leads to the coupling of the vibrations, to changes in 
directions of transition moments and to induced absorption. As the 
absorption in a crystal is a property of the entire crystal, the corres- 
ponding vibrations involve all its constituent molecules however; for 
the purpose of calculating and classifying the allowed vibrations 
several different approaches have been made (7, 8, 9, 10, 11, 12). In 
the classical BORN dynamics all the unit cells in the crystal together 
with the appropriate boundary conditions are considered. WINSTON 
and HALFORD have discussed the finite space group containing 
N,.My.N, unit cells. RAMAN considers a volume element of the crystal 
whose dimensions are twice as large as those of the unit cell so as to 
allow for the vibrations in adjacent cells being either in phase or out 
of phase. Thus if there are p atoms in the unit cell there are 24p 3 
modes and frequencies in all. In the factor group of the space group 
first introduced by BHAGAVANTUM and VENKATARAYUDU only the 
unit cell is considered and there are 3p — 3 normal modes. It ts this 
approximation that is most valuable and often applied. The site 
symmetry is adequate for the calculation of frequencies; however, 
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the sites may be variously oriented in 


1 determining the polarization properties of 


\ useful concept for the interpretation of polariza- 


data is the oriented gas model (13). This however neglects the 
brations and the effect of the anisotropy of the 

the direction of propagation of the wave. The 

and directions of transition moments of overtone and 

combination bands are not readily calculated, and it is only possible 
to state that the combining states must have wave number vectors 


K (K \), in the same direction in the crystal. 


rYPES OF VIBRATIONS 


Ihree types of vibrations may be distinguished (7) in crystals. 
Internal vibrations involve the movement of specific atomic groups 
n the molecules or ions, whilst the external vibrations may be 
subdivided into lattice and torsional modes. In general the frequencies 
of the internal modes of molecular crystals differ little from those 
observed in the gas or liquid phase though changes in the band 
ntensities of the vibrations are usually very much more pronounced 
Lattice vibrations arise from the relative movement of the individual 
molecular or ionic units of the crystal. lonic lattice vibrations give 
rise to particularly strong absorption bands in the infra-red region 
on account of the alternation in sign of the cations and anions. 
Torsional or librational modes involve the oscillation of a molecule 
ion about the directions of its principal moments of inertia 
HeEXTER (14) has considered the effect of these motions on the 
observed infra-red dichroic ratios and has shown that these modes 
should be quantized and give rise to libration-rotation spectra 
consisting discrete lines. Usually the frequencies of the external 
vibrations are very much lower than those of the majority of the 
nternal vibrations; however, combinations of the lattice and 
ational modes with internal modes frequently occur and hence 


be studied in more accessible regions of the infra-red spectrum 


REFLECTION 
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readily obtained from each of the principal faces of the crystal. The 
intensity of the radiation reflected normally from a surface is given 
by the expression 


(n — 1)? — k? 

R=r* - ; 

(n +- 1)? + k? 
Price and ROBINSON (17) have described methods for the conversion 
of the reflection data to give both n and k as a function of frequency. 
Measurements on the reflectivity itself only give its magnitude. 
However, the phase may be obtained from the variation of the 
reflectivity with frequency. Hence the essential steps involve (1) the 
measurement of R in the region of interest; (2) calculation of the 
phase change @ on reflection from the variation in R; (3) thenn and k 

may be calculated from the expressions 


] r? 


2r cos @ 


2r sin 6 


2r cos 6 +- r? 


using graphical methods. 

Hass and Hornic (18) have shown that 0u/0Q the derivative of the 
dipole moments with respect to the normal co-ordinate, may be 
obtained in favourable cases from a knowledge of the longitudinal 
vibration v, and the transverse frequency v, of a crystal. Both v, and 
v, can be estimated from reflection data. For cubic crystals 


| 2419\2 N 2 
7,8 | = 3 7 | 0 


where ny, is the refractive index far removed from an absorption band, 
and N the number of oscillators/em*. Good agreement is observed 
with values of (0u/2Q) computed directly from intensity measure- 
ments on corresponding absorption bands. 


POLYMERS 


One of the most fruitful fields of application of polarized infra-red 
radiation is to the study of the structure of high polymers. Here the 
conventional X-ray diffraction methods used for the elucidation of 
the electron distribution in small crystals are frequently no longer 
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feasible and structure determination proceeds on a trial and error 
basis until an acceptable model is found. Hence information on the 
orientation of specific groups of atoms can be of great value in 
reducing the number of structures which have to be considered. 

A complete analysis of the molecular vibrations of a polymer 
requires a knowledge of the unit cell. The same group theoretical 
methods as are utilized in simpler crystals may then be applied. 
LIANG ef al. (19) have considered both the problem of the selection 
rules and of the assignment of the fundamental frequencies. Making 
the assumption that the polymer ts infinitely long and has a regular 
arrangement in a crystalline lattice, the number of vibrational 
modes of the atoms in the unit cell is 3pgr — 3 where p is the number 
of atoms in the repeat unit, g is the number of repeat units and r is 
the number of separate chains passing through the unit cell. TOBIN 
(20) and LIANG (21) have used a simpler model in which the individual 
chains are considered and then the selection rules follow from the 
one-dimensional space group. The selection rules for the crystal of 
the polymer chain may be correlated with those of the isolated 
chain. Thus in the fuller treatment some of the vibrations of groups 
of the individual chains may be split into several components, 
whilst others that are inactive in the one-dimensional treatment 
become active. The special case of the helical polymer which 
frequently occurs in macromolecules of biological interest has been 
discussed by HiGGs (22), and the selection rules and intensities of 
both the infra-red and Raman transitions have been derived. The 
skeletal modes of polymers are best considered using the one- 
dimensional crystal model. The boundary conditions impose the 
restriction that an integral number of half wavelengths of the 
vibration must be completed within the molecule. Then the phase 
difference between the vibrations of successive groups is given by 


| 5 


where / 0. 


Rigorous methods of analysis of the vibrations are not however 
always possible as many polymers have a simple unit cell for the 
backbone of the chain only whilst the successive side groups are 
either different or are arranged in various directions about the 
polymer axis. Thus in a polymer built up from two different units, 
the sequence of these may be entirely random, or may alternate or 
the units may occur in blocks. Even if the units are identical the 
side chains may be oriented in a random fashion (i.e. so-called 
atactic), if arranged on the same side (isotactic) or be distributed in 
some other definite pattern (syndiotactic). 
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It is thus often difficult in the more complicated cases to identify 
the unit cell, but on the other hand the increase in the distance 
between successive side groups does lead to a reduction in the 
interactions between them. 

The orientation of the transition moments with respect to the 
polymer axis may be found by measuring the absorption both 


. 


; /, , 
perpendicular (a, log| j di and parallel (a,) to the axis. The 


band 


angle ¢ between the transition moment and the axis is related to the 
dichroic ratio by the expression 


} tan? ¢. 


In deriving this expression a perfect alignment of polymer chains is 
assumed. However, this requirement is very difficult to achieve 
experimentally and it is necessary to consider the effect on the 
measured dichroic ratio of randomly oriented chains 


Two limiting cases have been considered 
(a) All the chains lying in one plane. 


(b) Some of the chains being oriented in a completely random 
fashion in three dimensions 


In the latter case FRAZER (23) has shown that if fis the fraction of 
fully oriented polymers the observed dichroic ratio will be 


sin?’d + 2/3 (1 — f)/f 


2cos*¢é + 2/3 (1 f/f 


In practice the samples are usually in the form of films and the 
orientation corresponds neither to the completely random nor to the 
coplanar case, but to a preferred direction in the plane rather than 
perpendicular to it. Further as the changes in intensity that frequently 
occur on crystallization are neglected, errors may arise in certain 
cases. BEEK (24) has proposed that the inclination of the repeat units 
can be found in partially oriented samples by measuring the dichroic 
ratios of three independent transition moments. In this case there ts 
no need to have a prior knowledge of the fraction oriented 


EXPERIMENTAL METHODS 
Polarizers 
The most satisfactory polarizers for use in the infra-red region are of the 
transmission type and usually consist of a pile of transparent films set at the 
Brewster angle. Both selenium (25) and silver chloride (26) sheets have been 
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ve described the preparation of selenium films by the evapora- 
cellulose nitrate membranes which may be dis- 


iim thickness is usually 3 or 4 yw, although if 
t is essential that the pile should consist 
icknesses. Polarizers constructed of six such films have a 


14 


g 45 per cent and a degree of polarization of about 98 per 
acement due to refraction is negligible, but the fragile nature 


In cases where it is necessary to handle the 


r 


one constructec 


from silver chloride is to be preferred. 
less efficient than the selenium film polarizer but its main 
the appreciable beam displacement on rotation and from 
ver chloride if left exposed for long periods to the full 


rce. Suitable plates of 0-25 mm silver chloride of excellent 


ired by the Hawshaw Chemical Co. Dielectric film polarizers 


ve lavers of lium fluoride and thallium chloride 


lable concerning their performance 

c polarizers manufactured by 

e transparent to 2:7 4 and their transmission 
the degree of polarization. In the 

t is necessary to mount them 

gree of polarization is required 
the monochromator, but if they 


that 


lat on rotation the image 


component with the 

is decreased with 

1 a grating the electric vector 
ted. Normal reflection from the 
of the polarized radiation 

to the incident radiation, plane 
irized. Hence it is best to make 


l either parallel or perpendicular 


be parallel. 

ire large enough to permit 

intermediate focus in the beam and 

e of convergence of the radiation and the 

crystals of suitable size, or of large areas ol 

or fibres, makes it necessary to use re- 

reflecting microscopes (28) for use in 

1romators have been described. The demagnifica- 

ut 10 : | The question of the effect of the convergence 
considered by several authors. For most purposes where it 


dichroic ratios it is undesirable to use a reflecting micro- 


aperture greater than 0-6. Considerable caution is re- 


ve interpretation of the dichroic ratios of crystals when a 
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microscope is employed, especially when a transition moment lies approximately 
ilong the direction of propagation of the incident radiation 


Double ~he ain Vicros¢ Ope Systems 


Recently several types of double-beam reflecting microscopes have been 
described, each using a different method of double beam operation. These 
employ (a) a reflecting microscope in both the sample and reference beams; 
(b) a reflecting microscope (29) in the sample beam with a compensating path 
in the other beam; (c) the displacement of the beam through the microscope (30) 
so that it passes alternately through the sample and adjacent reference area, the 
signals being subsequently separated out and fed into a recording potentiometer; 
(d) the use of an oscillating stage by means of which the sample and reference are 
inserted alternately into the beam, (31) the signals being separated as 
Methods (a) and (d) appear to be the most satisfactory methods, t 
proved itself to be especially suitable for use with oriented polymers. Fig. | sho 
a typical spectrum of a small crystal obtained with this type of instrument using 


polarized radiation. A reflecting microscope suitable for the observation of the 


reflection spectra from the faces of crystals of the order of 2 mm square has been 


described by Price and ROBINSON. (15) 


Monochromators 


As the half widths of crystalline absorption bands are frequently narrow, 
i.e. a few wavenumbers, it is highly desirable that the monochromator-detector 
systems should have a resolution of at least one wavenumber. This is most readily 
achieved with a grating. On account of the loss of energy inherent in the use of 
polarizers, reflecting microscopes or low temperature cells, the use of a photo- 
conductive detector such as PbTe or PbS is advantageous for precision studies in 
the 10,000 1,800 cm~* region 


Sample preparation 


The preparation of specimens of suitable size and thickness, together with the 
identification of the crystal faces, presents many problems. Thus it is rarely 
possible to grow specimens thin enough to observe the absorption along more 
than two of the principal axes of a crystal and frequently it is only possible to 
observe the absorption along one of these axes 

The method of crystal growth depends on the nature of the material and the 
thickness required. Methods of growing crystals from solution using techniques of 
controlled evaporation and nucleation have been well described. (32) In the case 
of many molecular crystals sublimation is the most satisfactory approach. This is 
especially so with crystals such as naphthalene or anthracene where flat plate-like 
crystals several square millimetres in area are readily produced. A very simple 
and successful procedure is to place the material in a small beaker whose top ts 
then successively closed with layers of tissue paper placed at intervals above the 
sample. The temperature is raised by placing the beaker on a hot plate fed from a 
variable transformer. After a few hours the crystals form on the underside of the 
tissue paper. In most cases, however, the most successful method of producing 
thin crystal plates is from solution between two flat transparent plates which are 
inclined at a small angle to one another. Improvement in the crystal growth ts 
frequently obtained by having a temperature gradient along the cell and by 
adding a small suitably oriented crystal to assist nucleation. 
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The technique of growing large thin crystals from the gas phase has been 
highly developed by Halford ef a/. and the factors governing the design as well as 
the description of the necessary apparatus has been given by ZwerRDLING and 
HALForD. (33) The method involves the introduction of the vapour into a cell 
of the required crystal size in which there is a controllable temperature gradient 
In this way crystals which only exist at low temperatures may be studied. It is 
essential that the faces of the crystal should be positively identified. Adequate 
procedures for the identification from the measurement of the interfacial angles 
and refractive indices have been described. It is advantageous if confirmation can 
be obtained from an X-ray determination. Ideally the best mounting for the 
crystal under observation is a goniometer which permits precise orientation of the 
specimen relative to the direction of propagation of the incident radiation. (34) 
However, its use becomes difficult when it is required to observe the spectrum 
over a wide range of temperatures. Low temperature cells suitable for use at 
liquid air and liquid helium temperatures have been described. (35, 36) In the 
case of polymers three different methods of orienting may be distinguished. With 
materials such as rubber the degree of order can be increased by maintaining the 
specimen under tension. In other cases rolling or stretching produces a permanent 
alignment, and some improvement can frequently be obtained by heating the 
specimen during the process. Alternatively if a suitable solvent is available the 
polymer may be dissolved and then a small amount of the gel placed on a trans- 
parent substrate. Stroking with a spatula usually leads to samples oriented with 
the fibre axis in the direction of shear. For most synthetic polypeptides and 
biological materials the most suitable substrate on which to orient the specimens 
is barium fluoride. The plates of this material are transparent from 1400 A to 
12:5 w and are not affected by water 

The structures of some polymers, particularly those of biological origin, depend 
upon the amount of water present. Thus it is necessary to control the relative 
humidity around the specimen. This may be achieved by mounting the sample 
on one of two windows of an enclosed cell which contains a saturated salt solution 
A table of suitable salts and corresponding relative humidities is listed 
in reference (37). The same cell may be used for deuterating replaceable hydrogen 
in films by using D,O instead of H,O solutions 


CRYSTAL SPECTRA 
Absorption 


Numerous investigations have been carried out on crystals using 
polarized infra-red radiation, and an extensive review of specific 
examples has been given by MATHIEU (38), hence we shall concentrate 
here on illustrating the types of problems that have been tackled. 
Firstly we may distinguish studies which are directed towards the 
advancement of our knowledge of the selection rules, directions of 
transition moments and interactions of vibrations in crystals. 
Ideally the most suitable molecules for this type of investigation are 
those for which a complete vibrational assignment of the bands from 


an analysis of the vapour phase spectrum is available and for which 
also the structure in the crystalline state is known from X-ray 
studies. Thus the influence of the change from the gas to the solid 
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phase can be studied and effects due to the new symmetry and 
environment may be determined. If full Raman data for the crystals 
s also available then this additional data can be most valuable. The 
most detailed and extensive investigations in this field have been 
carried out by HALFORD ef a/. at Columbia University who have 


worked on benzene (33), acetylene, cyclopropane and naphthalene 


-phase benzene shows many absorption bands which 

in the vapour phase, some of which are extremely 

four molecules in the unit cell of benzene and 

int of the coupling between them, there are four 

crystal modes for each molecular vibration. Many of the 

ne structure components however can only be interpreted in terms 


nduced vibrations. Similar phenomena were also observed in the 


tals of cyclopropane, naphthalene and acetylene. In the case of 
atter some parallel and perpendicular type bands were polarized 
> Same directiol 

etation of the polarized spectrum of high polymers is 
idered by lack of knowledge of the precise direction of 
moments associated with the vibrations of particular 
ecially so in polyamides where the chief absorption 
complex origin. Hence studies on crystals of 
containing these atomic groupings is of particular 
vestigations of two compounds containing the 
acetanilide (39) and NN’—diacetylhexamethy- 
ve resulted in the location of the direction of the 
N—H stretching transition moments with 
bond and the confirmation of the Price and 

ons on these vibrations 
polarized infra-red radiations to determine the 
f the hydrogen atoms in crystals of partially known 
tructt s illustrated in studies made by SUTHERLAND ef a/. on 
rucite (42), muscovite (43) and gypsum (44). In brucite Mg(OH), 
xygen atoms form layers of puckered hexagons, with the Mg 
ns forming layers between them. More than fourteen absorption 
nds were found between 2:0 and 3-1 «. These observations could 
be reconciled if it was assumed that the hydrogen atoms have a 
lisordered arrangement. However, more recent studies using 
give a different interpretation from this (45). In the micas 
muscovite (K(Al,)(AISi,0,,(OH)) and biotite it was shown from a 
detailed analysis of the dichroic ratios at various angles of incidence 
that the direction of the O—H groups in the two cases were quite 
different. An extensive study of both the transmission and reflection 
from single crystals of gypsum (CaSO,,2H,O) permitted the assign- 
ment of sixteen of the eighteen internal fundamental modes of the 
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sulphate ions and ten out of the twelve vibration modes of the four 
water molecules in the unit cell. However, if the intensities and 
dichroism of the water bands were used to verify the orientation of 
the water molecules in the crystal as determined by nuclear magnetic 
resonance, the results obtained were anomalous. Polarized radiation 
was also used in the investigations and the assignment of vibrational 
bands of metal cyanide (46) complexes in the solid state, and it led 
to a partial determination of their structure. 

Coupling between the internal modes of adjacent molecules or 
ions in crystals may be reduced by the inclusion of a small percentage 
of an isotopically substituted species, the replacement of hydrogen 
by deuterium being particularly effective. Thus HoRNIG has studied 
mixed crystals of HCI : DCI (47) in different proportions whilst 
PIMENTEL (48) used naphthalene-d, in naphthalene as part of a 
programme of an extensive study of the absorption spectrum of 
naphthalene using polarized radiation. 

The combination of external modes of vibration with internal 
modes and their polarization properties has been studied by HEXTER 
(49) using molecular and ionic crystals of simple structure 

Dimethyl triacetylene has a very simple structure with one 
molecule in a rhombohedral unit cell. (50) All the long axes of the 
molecules lie parallel to one another and hence the crystal forms a 
very suitable subject for study with polarized infra-red radiation. 
The absorption bands associated with transition moments parallel 
to the long axes are comparatively sharp whilst those perpendicular 
to it are broad. The methyl groups of adjacent molecules appear to 
couple together and the spectrum indicates that the barrier to their 
rotation about the C—C=C axes 1s low. On account of the very low 
frequencies of the doubly degenerate bending vibrations of the 
C—C=C—C=C—C=C—C group, very marked changes occur in 
band widths of the vibrations involving either the —C=C— or 
C—C vibrations on cooling the crystal to 180°C. 

Figure 2 shows the 3 » infra-red spectrum of hexamethyl benzene 
both at 20°C and at 160°C. The absorption here is due to the 
CH, stretching vibrations. The continuous line in both cases shows 
the spectrum with the electric vector parallel to the crystal planes 
which contain the carbon atoms, whilst the broken line shows the 
spectrum with this vector at right angles to these planes. At low 
temperature the bands split on account of the change in the coupling 
that occurs in the ordering of the methyl groups about the C—C 
axes. The sharp band at 2726 cm~' which is completely polarized, 
is the first overtone of the symmetric methyl deformation vibration. 

Studies with polarized radiation in this laboratory on trans- 
azobenzene, stilbene, tolane (see also 51), diphenyl, anthracene, 
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acridine and benzoquinone show that although many of the absorp- 
tion bands may be identified and then classified according to the 
dichroic ratios the quantitative agreement with the values expected 
from a simple oriented gas model is not high. 


20 
Electric vector 
ito B axis 
----Electric vector 
i toB Ox'Is 


2800 ___-2900 


-160°C 
——Electric vector 
lito B axis 
Electric vector 

1 to B axis 


~ 300m 
Fig. 2. The infra-red spectrum of a crystal of hexamethy! benzene. (a) at 20°C and 


b) a 160 C, electric vector parallel perpendicular to the B axis ( -~--), 


Reflection 


Very few studies have as yet been reported using the reflection 
method of determining the refractive index, n, and absorption index, 
k, with polarized infra-red radiation. Subjects studied so far include 
polytetrafluorethylene, polythene, urea, glycine (15, 17), a-quartz (52) 
and CaSO,2H,0 (44). In the case of gypsum a digital computer was 
used for the conversion of the observed reflection data to give both 
n and k. 


Emission 


KETELAAR and HAAS (53) have verified Kirchoff’s law by measuring 
the polarized infra-red emission and reflection spectra of calcite at 
300°C. Using a crystal that was sufficiently thick that the trans- 
mission in the region of interest was negligible they showed that the 
observed emission coefficient « and the reflectivity R were related 
quite adequately by the Kirchoff expression « | R. 
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POLYMER SPECTRA 


With the production of new synthetic polymers in ever increasing 
numbers and with the isolation of many high polymers of natural 
Origin it is understandable that the volume of publications on their 
study with polarized infra-red radiation is growing steadily. As most 
polymers are uniaxial it is only necessary to observe the infra-red 
spectrum with the electric vector of the radiation parallel and per- 
pendicular to the polymer axis. The most extensive studies in this 
field have been made by SUTHERLAND et a/. who report a systematic 
investigation of some twenty-five polymers. The simplest polymer 
polyethylene (54) has been the most thoroughly studied, and the 
assignment of the fundamentals is now well established. It has 
shown that the splitting of the 725 cm~-! CH, rocking vibration is a 
consequence of the interaction between the two chains which pass 
through the unit cell. The group theoretical treatment on the basis 
of the unit cell approximation predicts that the 721 cm~} and 
731 cm~? components would be polarized along the a and b axes 
respectively. Interactions such as this are neglected in the theoretical 
treatment which only considers a one-dimensional chain. Studies 
on polytetrafluorethylene and polychlorotrifluorethylene (55) strongly 
suggest that the latter has a helical structure similar to the former. 
In nylon (56, 57) the N—H and C = O stretching vibrations have a 
perpendicular dichroism whilst the amide II and III bands have 
maximum absorption parallel to the direction of the polymer axis. 
Studies on Terylene (58, 59) have confirmed that the planes con- 
taining the benzene rings are approximately perpendicular to 
the plane of the stretched film of the material. The C = O and COC 
vibrations give rise to absorption bands with a _ perpendicular 
dichroism, whilst the skeletal vibrations at 1110 cm~! and 1265 cm~* 
have maximum absorption when the electric vector of the radiation 
is parallel to the fibre axis. Isotactic polymers promise to provide an 
excellent source of material for study with polarized radiation al- 
though few observations have as yet been reported. Polarized infra- 
red radiation assists in the quantitative measurement of the 
crystalline/amorphous ratio in polymers. It may be noted that in 
general the absorption bands associated with the crystalline portions 
of the specimen are very much sharper than those from the 
amorphous regions. This is a consequence of the multitude of 
different configurations and the random nature of the interactions 
between the units in the non-crystalline regions. It is of interest that 
in the n.m.r. spectrum it is the diffuse regions which give the sharp 
absorption lines. Thus in polypropylene which has a helical structure 
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few of the absorption bands associated with the CH, and CH, side 
groups have any preferred orientation. However, those associated 
with the backbone of the crystalline portions of the polymer chain 
have a high dichroism with maximum absorption parallel to the 
polymer chain axis. The polymers of natural origin which have 
received most attention are cellulose, silk (60) and rubber (61). 
Several studies on the infra-red dichroism of oriented cellulose 
(62, 63) have been made and have shown that the O—H bands are 
arranged predominantly parallel to the fibre axis. The crystallinity 
has also been investigated by observing the rate of deuteration of the 
fibre. 

In the field of synthetic polypeptides (60) the use of polarized 
infra-red radiation in structural studies is now firmly established 
and provides a simple and rapid means of distinguishing between 
the 8 types, in which the N—H and C=O bonds are perpendicular 
to the polymer axis, and the a helix types in which these bonds are 
roughly parallel to the long axis 

In all studies on synthetic polypeptides and molecules of biological 
origin it is important that the water content of the specimens should 
be controlled as water frequently plays an important role in deter- 
mining the precise structural configuration. Perhaps the most 
striking example of the influence of water is the conversion of 
poly-lysine (64, 65) from an a helix configuration to an extended 
8-chain on lowering the humidity of the atmosphere surrounding 
the specimen from 100 per cent R.H. to 60 per cent R.H. All the 
infra-red dichroic ratios show a change in sense at the transition 
point 


Infra-red spectroscopy is one of the many physico-chemical 
tools utilized in the study of macromolecules of biological origin (28), 
and whilst the quantitative interpretation of the absorption aniso- 
tropies is difficult much information of a qualitative nature is more 
readily obtained by this method than with others. Two examples 
taken from recent researches in this area are the protein—collagen 
and the polynucleotide—deoxyribonucleic acid. 


Collagen 


The use of the deuteration of labile hydrogen atoms to assist 
in the identification of the vibration of specific groups and to 
differentiate between overlapping bands by taking advantage of 
their varying exchange rates is well illustrated in the study of the 
infra-red spectrum of collagen. Collagen is the chief structural 
protein of the animal kingdom and occurs in connective tissue and 
bone. Satisfactory models have recently been proposed for the 
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structure of this macromolecule. (66) These involve triple helices 
with hydrogen bonds linking every third amide group of the poly- 
peptide chains. The other N—H and C=O groups are bonded to 
water. Using oriented films of collagen we have observed higher 
dichroic ratios than have been reported previously and have ob- 
tained fully and partially deuterated spectra. The high dichroic ratio 
of the 3330 cm~! band of the N—H stretching vibration is best 
revealed on partially deuterating the specimen. The observed value 
of 5/1 suggests that the angle between this bond and the fibre axis 
cannot be less than 80°. Studies on the rate of deuteration lead to 
the conclusion that there are two types of N—H groups. The first 
type deuterate in less than an hour whilst the second type which may 
be identified as those involved in the intra-chain hydrogen bonding 
only exchange after a month’s exposure. Intensity measurements 
show that the ratio of the number of the first group to that of the 
second is 1-3 to 1. This is in excellent agreement with the proposed 
structure. (66) Studies on the change of spectrum and dichroic 
ratios of a sample exposed to a wide range of relative humidities 
show that the structure remains unchanged above 44 per cent relative 
humidity, but below this marked changes in the infra-red spectrum 
occur indicating a distortion of the normal structure on the removal 
of water. 


Desoxyribonucleic Acid 


On account of its presence in chromosomes and its probable 
importance in transmitting heredity factors the structure of 
desoxyribonucleic acid is of considerable interest. X-ray studies (67) 
have shown that the polymer consists of layers of purine and 
pyrimidine bases hydrogen-bonded together and linked by a double 
helix of desoxyribose sugar and phosphate ester groups. Many 
absorption bands in the infra-red spectrum (Fig. 3) may be assigned 
to the vibration of specific groups (see also 73). The double bond vibra- 
tions in the bases between 1650 and 1700 cm~' have a dichroic ratio of 
5/1 with the maximum absorption perpendicular to the fibre axis, 
whilst the out-of-plane C—H deformation vibration at 890 cm~? 
displays only a parallel component. The vibrations associated with 
the phosphate ester groups have a perpendicular dichroism. The 
antisymmetric PO, vibration shows no dichroism. The very marked 
dependence of the structure on the water content of the material is 
readily followed by means of polarized infra-red radiation. Both 
the lithium and sodium salts of desoxyribonucleic acid have been 
studied and show significant differences in behaviour on hydration. 
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Fig. 4 shows the variation of the dichroic rates of the in-plane 
vibrations in the bases of the sodium salt with the amount of heavy 
water taken up by the specimen. The lithium salt behaves in a 
similar manner although the intermediate plateau is not as pro- 
nounced. 
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Fig. 4. The structure of the DNA molecule is dependent on the total water 

content of the sample. The curve shows the variation of the dichroic ratio of the 

in-plane double-bond vibrations of the base pairs with the relative water content 
The measurements are from spectra of a deuterated sample 


Nucleo-histone 


Normally in cells DNA is combined with protein. Studies with 
polarized infra-red radiation on normal, partially and fully deuterated 
specimens of nucleoprotamine and nucleohistone reveal that al- 
though the DNA component of the system is well aligned there is 
little indication of any dichroism in the protein absorption bands. 
This observation is in agreement with the hypothesis that the 
polypeptide chains are located in the grooves in the DNA helix. 


Infra-red flow Dichroism 


As many natural polymers exist essentially in solution, it is 
desirable to be able to study the infra-red dichroism of oriented 
molecules in solution. BirD and BLOUT (68) have used a modified 
absorption cell through which the polymer solution is pumped for 
this purpose. The degree of hydrodynamic orientation achieved may 
be judged from the dichroic ratio of 2:06 observed for the v N-H 
band of poly-y-benzyl-L-glutamate in chloroform solution. 
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of the technique, especially if used in conjunction with a double-beam 
microspectrometer. Potentially the greatest value of polarized 
radiation probably lies in the study of intermolecular interactions, 
from investigations on frequency shifts, and intensities in crystals of 
known structure. However, advances in the theoretical aspects of 
the influence of intermolecular forces, especially those leading to a 
better understanding of the widths of infra-red absorption bands, 
are required so as to utilize the experimental data that is available. 
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